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ABSTRACT 

Antibody-conjugated fluorospheres 
(ACF) were used to phenotype murine leu- 
kocytes by flow cytometric analysis. Multi- 
color immunofluoresence (beyond simulta- 
neous 4 -color analysis) is limited by the 
availability of specific antibody-fluom- 
chrome conjugates and even further re- 
stricted by the spectral emission overlap of 
many of the fluorochromes when used in 
combination. Fluorospheres possessing 
unique excitation/emission spectra can pro- 
vide much needed versatility to existing pro- 
tocols of multicolor fluorescence. SKY 
BLUE (647 nm excitation, 730 nm emission) 
fluorospheres conjugated to CD I lb mono- 
clonal antibody were used in combination 
with the monoclonal antibodies lAd-F/TC, 
L3T4 (CD4)-PE. LYT2 (CD8)-APC t THYL2 
(CD90)-biotin and B220 (CD45R)-RED613 
for the simultaneous detection of six distinct 
cell-surface antigens in a mixed cell popula- 
tion. All fluorescence signals were resolved, 
and comparison of results from five-, six- 
and single-color samples indicated that the 
percentages of cells positive for specific sur- 
face antigens were equivalent. 



INTRODUCTION 

Flow cytometry provides a rapid 
method to phenotype and characterize 
subpopulations of cells for a variety of 
research and clinical applications. 
There is a wide range of fluorochrome- 
conjugated monoclonal antibodies and 
fluorescent probes that are available for 
the analysis of numerous antigens that 
define cell type and function in many 
diverse applications including the clini- 
cal diagnoses of disease states (10,12), 
bone marrow progenitor cell isolation 
(11), ion flux measurements (14,17), 
nucleic acid quantitation (16), cell 
migration (2) and metabolic activation 
( I ). These fluorescent reagents exhibit 
a variety of excitation and emission 
maxima, which allows the selection of 
a combination of fluorochromes to 
complement the optical configuration 
of individual flow cytometers for the 
purpose of multicolor flow cytometric 
analyses. The selection of fluoro- 
chromes that can be used for multicolor 
flow cytometry is limited by several 
factors including the excitation wave- 
lengths available, optical filters, the 
number and configuration of optical de- 
tectors and the availability of the 
appropriate fluorochrome conjugates. 

Fluorescent particles provide a 
versatile alternative to the more con- 
ventional fluorochrome-antibody or 
fluorochrome-ligand/receptor systems 
for the detection of cellular antigens. 
These uniform particles are available 
with a wide range of excitation and 
emission wavelengths and typically 
display a bright, homogeneous fluores- 



cence signal. Fluorescent particles have 
been used for instrumentation cal- 
ibration (15), cell-surface antigen de- 
tection (7,8), cell migration (19) and 
quantitation of phagocytic cell function 
(4,5,9). Furthermore, monoclonal anti- 
bodies can be conjugated to the fluores- 
cent particles and then subsequently 
used in combination with other direct 
antibody conjugates or with indirect 
reagents such as biotin/streptavidin sys- 
tems. 

This report illustrates the use of 
SKY BLUE fluorospheres (emission at 
730 nm) for the detection of cell-sur- 
face antigens by flow cytometry. We 
describe an optical configuration used 
to resolve and optimize the fluores- 
cence signal of SKY BLUE in a multi- 
color immunofluorescence protocol 
and demonstrate the use of antibody- 
conjugated fluorospheres (ACF) with 
standard immunofluorescence reagents 
in a new protocol that allows the simul- 
taneous detection of six cell-surface 
antigens on murine leukocytes. SKY 
BLUE-CDllb ACF identified the 
macrophages, while the five remaining 
fluorescence signals were used to de- 
tect Class II (IA), THY 1.2 (CD90, 
T cell), L3T4 (CD4, helper/induccr 
T cell), LYT2 (CD8a, cytotoxic/sup- 
pressor T cell) and B220 (CD45R, B 
cell) as described previously (3). All 
experiments, including simultaneous 
six-color immunofluorescence, were 
performed using commercially avail- 
able reagents on a FACS Vantage™ cell 
sorter with minor instrument modifica- 
tions and without the use of cross-laser 
compensation. 
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MATERIALS AND METHODS 

Spleen Cell Preparation 

The method for preparing single- 
cell suspensions from mouse spleen has 
been described previously (3). Spleen 
cells were harvested, washed and resus- 



pended to a concentration of 1 x 10 7 
cells/mL. 

Fluorospheres and Fluorescent 
Reagents 

The SKY BLUE fluorospheres (0.45 
and 2.08 urn in diameter) were pur- 
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Figure 1. Diagrammatic representation of the optical configuration of the FACS Vantage for col- 
lection of seven parameters. A: Standard configuration for collection of FSC (FSC diode not shown), 
SSC and five-color immunofluorescence. B: Custom optical configuration for collection of FSC (FSC 
diode not shown), and six-color immunofluorescence. The SSC optics (8/90 beam splitter and 488 BP) 
were replaced with a 680 SPDi ( 1/2 mirror) and a 730/30 BP for collection of SKY BLUE as the sixth 
fluorescence parameter. 



chased from Spherotech (Libertyville. 
IL, USA). The monoclonal antibodies 
L3T4-PE and THYI.Z-Biotin were ob- 
tained from Becton Dickinson Immuno- 
cytometrv Systems (B.D.I.S.) (San 
Jose, CA, USA); IAd-FITC, LYT2- 
APC and Fc-Block were from Pharmin- 
gen (San Diego, CA, USA): B220- 
RED6I3 was from Life Technologies 
(Gaithersburg, MD, USA) and the puri- 
fied CD I lb was from Devaron. (Day- 
ton. NJ. USA). The streptavidin-Cas- 
cade Blue® (CB) was purchased from 
Molecular Probes (Eugene. OR, USA). 

Flow Cytometric Analysis of the 
SKY BLUE Fluorospheres 

The instrumentation used in these 
studies was a dual-laser, triple-beam 
FACS Vantage flow cytometer 
(B.D.I.S.) equipped with a Coherent 
Enterprise laser (300 mW at 488 nm; 60 
mW at 351-364 nm), a Coherent Spec- 
trum laser tuned to 45 mW at 647 nm 
and a seventh detector option for five- 
color fluorescence measurements (3). 
The 680 shortpass dichroic (SPDi), 
465/30 bandpass (BP) and 730/30 BP 
optical filters were purchased from 
Omega Optical (Brattleboro, VT, USA), 
and the red-sensitive photomultiplier 
tube (PMT) R-1477 was obtained from 
Hamamatsu (Bridgewater, NJ, USA). 
The SKY BLUE fluorospheres were ex- 
cited with the 647-nm line from the 
Spectrum laser and collected with a 
730/30 BP filter. Unlabeled, FITC- and 
PE-labeled beads (CaliBRITE™ kit, 
B.D.I.S.) were mixed with aliquots of 
either SKY BLUE fluorospheres or 
SKY BLUE and APC beads (Row Cy- 
tometry Standards Corporation, San 
Juan, PR, USA) and analyzed for fluo- 
rescence. The fluorescence signals from 
the FITC (FLI) and PE (FL2) CaliB- 
RITE beads were separated with a 560 
SPDi and collected with 530/30 and 
575/26 BP filters, respectively. SKY 
BLUE and APC fluorescence signals 
were separated with a 680 SPDi and 
collected as the FL4 and FL5 parame- 
ters, respectively. 

Conjugation of the Fluorospheres 
with Monoclonal Antibodies 

The fluorospheres were conjugated 
to monoclonal antibodies by passive 
adsorption. Briefly, 300 \xL of 2.08 |im 
SKY BLUE fluorospheres (1% wt/vol) 
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were added to 100 of CD1 lb (I mg/ 
mL) and 1.6 mL phosphate buffer (0.1 
M, pH 7.0); 250 ^iL of 0.45-^m SKY 
BLUE fluorospheres (1% wt/vol) were 
added to 200 jiL of CD I lb (1 mg/mL) 
and 1 .55 mL phosphate buffer. The flu- 
orosphere-antibody mixtures were vor- 
tex mixed and incubated for 60 min at 
room temperature (rt). After centrifuga- 
tion at 3000x g for 15 min, the ACF 
were washed 2x in 4 mL of phosphaie- 
buffered saline (PBS) and incubated as 
above in 2 mL PBS containing \0% fe- 
tal bovine serum (FBS). After this time, 
the ACF were washed 2x in PBS, re- 
suspended in 4 mL of PBS (0.25% wt/ 
vol) solution and stored at 4°C in the 
dark. 

Six-Color Immunofluorescence 

SKY BLUE ACF were also used 
for the simultaneous detection of six 
cell-surface antigens by six-color im- 
munofluorescence. Cells were stained 
with the following monoclonal anti- 
bodies as single-color controls, a five- 
color sample (without ACF) and as a 
six-color sample: TAd-FITC (10 U.L of 
1:10 dilution), L3T4-PE (4 pi), 
THY 1 .2-Biotin (4 uL), LYT2-APC (10 
\iL) and B220-RED6I3 (10 jiL of a 
1:25 dilution). After all volumes were 
equalized with PBS-FCS, the cells 
were incubated for 30 min at 4°C Sub- 
sequently, these cells were washed, in- 
cubated with streptavidin-CB ( 1 0 uX of 
a 1:10 dilution) and/or CDlib-SKY 
BLUE (50 uL) for 30 min ; washed and 
fixed in 1% paraformaldehyde. Isotyp- 
ic control antibodies, streptavidin-CB 
or serum-adsorbed SKY BLUE parti- 
cles were added as nonspecific binding 
controls. 

Instrument Settings 

For six-color immunofluorescence 
analysis, the SKY BLUE fluorescence 
signal was collected instead of side 
scatter (SSC) by replacing the 8/90 
beam splitter, the 488/10 BP and the 
SSC PMT IP28A with a 680 SPDi (1/2 
mirror), a 730/30 BP (FL6) and a red- 
sensitive PMT, respectively. The 488- 
nm line from the Enterprise laser was 
the primary beam, with threshold trig- 
ger set on forward scatter, and the 
351-364 nm beam (from the Enter- 
prise) and the 647 nm beam (from the 
Spectrum) coincident as secondary 



beams with a 15-jis time delay. The pri- 
mary laser fluorescence signals were 
separated using a 610 SPDi and a 560 
SPDi and collected with a 630/22 BP 
(FL3 RED613). a 575/26 BP (FL2 PE) 
and a 530/30 BP (FLl FITC). The sec- 
ondary laser fluorescence signals were 
separated with a 640 LPDi and collect- 
ed with a 424/44 BP (FL4 CB) and a 
670/14 BP (FL5 APC). Fluorescence 
signals were collected in logarithmic 
mode with pulse processing on. 

Data Analysis 

For each sample, 50 000 events were 
collected in listmode using LYSYS™ II 
or CELLQUEST and analyzed with 
CELLQUEST and ATTR ACTORS 
(B.D.LS.). Cells were gated on a his- 
togram of forward scatter (FSC) and 
from a 2-parameter dot plot of FSC vs. 
SKY BLUE (FL6). 



RESULTS 

Analysis of SKY BLUE Fluorospheres 
by Flow Cytometry 

Flow cytometric analysis of uncon- 
jugated SKY BLUE fluorospheres 
demonstrated that the fluorescence 
emission signal (730 nm) was resolved 
from those of the FITC and PE Cali- 
BRITE beads. In addition, the fluores- 
cence signals of the SKY BLUE fluo- 
rospheres (collected as FL4) and APC 
alignment beads (collected as FL5) 
were clearly resolved with the 680 
SPDi, with compensation settings of 
FL4 -%FL5 = 39.8% and FL5 -%FL4 = 
25.6% (not shown). 

Use of SKY BLUE ACF for Six-Color 
Immunofluorescence 

To perform six -col or immunofluo- 
rescence analysis, the SKY BLUE flu- 
orescence signal, designated as FL6, 
was collected in place of the SSC para- 
meter (Figure 1). The 8/90 beam split- 
ter was replaced with a 680 SPDi ( 1/2 
mirror), which reflected the SKY 
BLUE signal and transmitted the APC 
(FL5) and CB (FL4) signals. Light- 
scatter analysis indicated that CD1 lb 
ACF(+) cells exhibited an increase in 
the SSC (granularity) parameter. Exam- 
ination by light microscopy indicated 
that variable numbers of fluorospheres 
were attached to the surface of cells 



(not shown). These cells also exhibited 
a heterogeneous pattern of fluores- 
cence, which supports the light mi- 
croscopy findings. In order to ensure 
that the ACF signal was true fluores- 
cence and not the result of increased 
laser scatter described above, a mixture 
of 2.08-um SKY BLUE fluorospheres 
and 6.6-|im CaliBRITE beads was ana- 
lyzed. CaliBRITE beads were idemi- 
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Figure 2. Identification <>f macrophages in a 
murine spleen cell sample with CDlib-SKY 
BLUE) ACF. Murine spleen cells were stained 
with monoclonal antibodies specific lor six dis- 
tinct cell-surtacc antigens and analyzed on a 
FACS Vantage as described. A: Single parameter 
histogram of FSC. B: Single parameter histogram 
of spleen cells stained with CD I lb-SKY BLUE 
(gated tin FSC, R l > showingCDI lb(-) (R2) and 
CDI lb(+) cells (R3). C: Two-dimensional con- 
tour plot of FSC vs. SKY BLUE (FL6) showing 
CDI I b-SKY BLUEt+> cells (gated on FSC. R I ). 



Tied 
BLl 
Cal 
flue 
I 

wer 

tior 

Leu 

to c 

sin£ 

froi 

vs. 

sull 

six- 

per 

1.2 

II 

[M 

by 

TR 

use 

SK 

cer 

in 



500 BioTechniques 



Vol. 21, No. 3(1996) 



fied by their greater FSC and the SKY 
BLUE particles were resolved from 
CaliBRITE beads on the basis of FL6 
fluorescence (not shown). 

In six-color analysis, macrophages 
were identified in a spleen cell prepara- 
tion using CDllb-SKY BLUE ACE 
Leukocytes gated on FSC were shown 
to contain 6.6% CD I lb(+) cells by a 
single-parameter histogram of FL6 and 
from a 2-dimensional dotplot of FSC 
vs. FL6 (Figure 2). Comparison of re- 
sults from single-color, five-color and 
six-color analyses indicated that the 
percentaees of cells expressing THY- 
1.2. L3T4, LYT2, B220 and IAd (class 
II major histocompatibility complex 
[MHC] antigen) were similar (differing 
by only 2%-6% in all cases). AT- 
TRACTORS analysis software was 
used to show the clear resolution of 
SKY BLUE from the other five fluores- 
cence signals. The CD1 lb(+) and CD- 
1 Ib(-) cells were identified from a plot 



of FSC vs. FL6, and their positions on 
2-dimensional dot plots can be seen in 
Figure 3A. The fluorescence from the 
SKY BLUE-positive cells was also de- 
tected above background fluorescence 
in FLU FL4 and FL5 channels. Howev- 
er, gating on CDllb-SKY BLUE(-) 
cells eliminated this overlapping popu- 
lation and thus allowed quantitation of 
the various lymphocyte subpopulations 
(Figure 3B). Analysis of the CD 11b- 
ACF(+) cells indicated that there was 
minimal contamination by B220 (9%) 
or THY 1.2 (3%) positive cells (0.6% 
and 0.2% of total cells, respectively; 
Figure 3 A). 

DISCUSSION 

In multicolor flow cytometric analy- 
sis, the ability to spectrally resolve the 
fluorescence signals limits the number 
of combinations of fluorochromes that 



may be used simultaneously. Recently, 
we described a simultaneous five-color 
protocol that utilized Cascade Blue and 
APC (excited with UV and 647-nm 
laser lines with emissions at 425 nm 
and 670 nm, respectively) which were 
well resolved from FITC, PE and 
RED613 signals (3). An extension of 
this protocol would require a sixth flu- 
orochrome that could be excited with 
one of the available laser lines and be 
spectrally resolved from the other fluo- 
rescence signals. Six-color immunoflu- 
orescence has been proposed previous- 
ly (18), and the problems associated 
with such a protocol have been ad- 
dressed ( 1 3). Based on this information 
and our own experience (3), there were 
two important considerations for se- 
lecting the reagent for the sixth color. 
First, it was realized that the range of 
the fluorescence emission spectrum for 
the five initial fluorochromes was 
somewhat "congested", and the use of 



Custom Printed Slides for Diagnostic 
Kits and Critical Research Projects 

Prevent Cross-Contamination, Increase Well Capacities, 
and Allow More Accurate Specimen Evaluation 

Heavy Teflon® Coatings (HTC®) 
on MicroPure™ Glass provides: 

a Twice the capacity of conventional coatings 
* Easier, more effective washing & rinsing 
f- Enhanced cell attachment & spreading capabilities' 
a Comprehensive design options (1-80 wells) 

Cover glass, standard slides, & blotters available 

Call 800/662-0973 to discuss Cel-Une's 
Design Assistance and FREE SAMPLE Program 
for Researchers or circle reader service number 
for more information. 




HTC is a registered trademark of Cel-Une Associates, Inc. 

Teflon is a registered trademark ol DuPont 

Micro Pure is a trademark of Chase Scientific Glass 



%^ CEL-UNE 

The Leading Supplier of Custom 
Printed Microscope Slides 

Cel-Line Associates, Inc. 

P.O. Box 648, Newfield, NJ 08344 USA 

800/662-0973, 609/697-4590, FAX: 609/697-9728 



Circle Reader Service No. 222 



Research Reports 



other commercially available dyes 
would result in significant spectral 
overlap. Second, it was necessary that 
the configuration of the sixth fluo- 
rochrome be in the form of a direct con- 
jugate or a unique ligand/ligand indi- 
rect system, since the protocol already 
included one two-step biotin/strepta- 
vidin system (CB) and the use of a sec- 
ondary antibody could produce prob- 
lems with cross-reactivity. 

Fluorescent microspheres have been 
used previously to characterize surface 
antigen expression and cellular func- 
tions (4,5,7-9). Historically, these mi- 
crospheres were used in place of FITC, 
PE, etc., because the emission maxima 
were similar to these dyes. More re- 
cently, fluorescent particles have been 
produced with emission wavelengths 
that are distinct from the more fre- 
quently used fluorochromes. The sur- 
face chemistry of these fluorescent 
polystyrene spheres allows for the pas- 
sive adsorption of monoclonal antibod- 
ies, which can then be used as direct 
conjugate reagents in immunofluores- 
cence assays. The potential use of these 
conjugates increases the versatility of 
monoclonal antibodies that are avail- 
able only in purified form or conjugat- 
ed to a limited number of fluoro- 
chromes. The application of these 
highly fluorescent microspheres may 
be particularly important for the detec- 
tion of low-density cell-surface anti- 
gens or for use with monoclonal anti- 
bodies having low affinity towards 
cell-surface antigens. 

This report describes the use of 
SKY BLUE fluorospheres whose fluo- 
rescence signal was shown to be re- 
solved from that of FITC-, PE- and 
APC-labeled beads. The resolution of 
fluorescence emission signals from 
SKY BLUE and APC is an important 
finding, since it demonstrates that the 
647-nm line from the Spectrum laser, 
as shown here (or a 633-nm line from 
the HeNe). can now be used to collect 
two fluorescence parameters simulta- 
neously. 

The CD I lb-ACF(+) cells exhibited 
some heterogeneity in fluorescence, 
which indicated that the binding of 
ACF was variable. This heterogeneity 
in fluorescence was due to different 
numbers of ACF binding to cells, as 
seen by microscopy, and the discrete 



fluorescence intensity of emission for 
each fluorophore. However, the var- 
iable binding did not affect the speci- 



ficity of CD lib- ACF. which was 
confirmed by multicolor immunofluo- 
rescence. Results from li*»ht-scatter 
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Figure 3. Phenotypic analysis of murine leukocytes by six-color immunofluorescence. Cells were 
stained with six monoclonal ami bodies and analyzed for fluorescence. The list mode data was analyzed 
using ATTRACTORS (B.D.I.S.). whereby the specific phenotype of a subpopulation is gated and as- 
signed a color. Each subpopulation may be identified on any two-dimensional dotplot by the positioner 
the colored dots. A: Resolution of SKY BLUE fFL6) from the other five fluorescence signals: CD! Ib(-) 
= RED; CD1 lb(+) = BLUE and phenotypic analysis of the CD1 lb(+) subpopulation of splenocytes: 
CDIIb(+)/THYI.2<-> = YELLOW; CDIIb<+)/B220(+) = GREEN. B: Phenotypic analysis of the 
CDIIb(-) cells: TH Y 1 . 2 (+ )/B 220( - )/L3T4( - )/LYT2(+ )/l A( - ) = PINK; THY 1 .2(+)/B220f-)/L3T4(+i/ 
LYT2<-)/lA(-> = LIGHT BLUE; THY1.2(-)/B220(+)/L3T4(-)/LYT2(-)/IA{-> = RED; THYI.2(-)/ 
B220( + )/L3T4(-VLYT2(-)/IA(+) = GREEN; THY1 .2(+)/B220<+)/L3T4f-)/LYT2f-)/IA(+) = ORANGE; 
and TH Y 1 . 2( - )/B 2 2<M - )/L3T4< + )/LYT2( - )/! A( ) = YELLOW. 
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analysis indicated that ACF(+) cells ex- 
hibited an increase in SSC. This effect 
most likety is a direct result of surface- 
bound ACF increasing the amount of 
orthogonal light scatter. However, it 
should be noted that the increased SSC 
is not sufficient to resolve ACF(+) 
cells, as it is in the case of immunogold 
staining (6), nor is it responsible for 
ACF fluorescence. The latter was 
demonstrated by studies to identify a 
FL6 signal in the analysis of SKY 
BLUE fluorospheres and larger Cali- 
BR1TE beads. Both microspheres ex- 
hibited similar SSC profiles, but only 
the SKY BLUE particles exhibited pos- 
itive FL6 fluorescence. This was fur- 
ther confirmed using CD 1 1 b- ACFs. 

In the six-color protocol, the SKY 
BLUE- ACF (CD lib) signal was col- 
lected as FL6 in the SSC position. The 
SKY BLUE-ACF (+) cells (macro- 
phages) were then excluded by gating, 
allowing for the analysis of T- and B- 
cell surface antigens on CD1 lb(-) cells 
alone. This procedure provides an ac- 
curate method to eliminate the macro- 
phage cell population using a pheno- 
typic gate rather than light-scatter 
properties alone and also conserves a 
parameter that could be used for the 
analysis of leukocytes. The spectral 
overlap of the SKY BLUE signal with 
FITC, CB (minimal excitation by 488 
and UV) and APC may prevent the use 
of this fluorosphere for the positive se- 
lection of cells. However, preliminary 
evidence suggests that this spectral over- 
lap can be minimized by using smaller 
microspheres that emit a lower fluores- 
cence intensity. On the other hand, 
these fluorospheres can clearly be used 
for positive phenotypic analysis with 
various combinations of fluorochromes 
including PE, RED613 and CB. 

In summary, we have successfully 
used a combination of conventional flu- 
orochrome-conjugated monoclonal an- 
tibodies and antibody-conjugated fluo- 
rescent microspheres to measure six 
different cell-surface antigens simulta- 
neously on murine spleen cells by six- 
color immunofluorescence. Only minor 
instrument modifications were required 
and included a simple set of custom op- 
tics designed for resolution and collec- 
tion of six fluorescence signals without 
cross-laser compensation. Presently, 
we are investigating the use of the fluo- 

Vol. 21, No. 3 (1996) 



rescent microspheres in other flow cy- 
tometric protocols such as in situ hy- 
bridization and intracellular protein de- 
termination. Continued advancements 
in the acquisition of multicolor im- 
munofluorescence data and in the abili- 
ty to compensate combinations of fluo- 
rescence signals generated from 
different lasers will undoubtedly facili- 
tate the use of a wide range of fluo- 
rochromes and fluorescent probes in 
current and future applications of flow 
cytometry. 
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Background: This study describes a three laser flow 
cytometer, reagents, and software used to simultaneously 
evaluate nine distinct fluorescent parameters on one cell 
sample. We compare the quality of data obtained with (I) 
full software compensation and (2) the use of partial 
spectral compensation of selected pairs of parameters in 
analog hardware, in combination with final software 
compensation. An application characterizing low fre- 
quency murine B cell subpopulations is given. 
Methods: The fluorochromes used are: fluorescein (FITC), 
phycoerythrin (PE), Cy5PE and CyTPE, excited at 488 nm 
by an argon laser; Texas Red (TR), allophycocyanin (APC), 
and Cy7AFC excited at 595 nm by a pumped dye laser; and 
cascade blue (CB) and cascade yellow (CY) excited at 407 
nm by a violet-enhanced krypton laser. Custom additions 
to commercial electronics and an extended optical bench 



allow the measurement of these nine parameters plus 
forward and side scatter light signals. 
Results: We find the use of partial analog compensation 
reduces the variation in the background staining levels 
introduced by the compensation process. Novel B cell 
populations with frequencies below 1% are characterized. 
Conclusions: Nine color flow cytometry is capable of 
providing measurements with high information content. 
The choice of reagent-dye combinations and the ability to 
compensate in multi-parameter measurement space are 
crucial to obtaining satisfactory results. Cytometry 36: 36- 
45, 1 999. © 1999 Wiley-Liss, Inc. 

Key terms: B lymphocytes; FACS; flow cytometry; mul- 
tiparameter compensation 



The introduction of cascade blue (CB) and cascade 
yellow (CY) (Molecular Probes. Inc. f Eugene, OR) as 
violet-excited fluorochromes (2), and the use of Cy7 
energy transfer conjugates with the phycobiliproteins 
phycoerythrin (Cy7PE) and allophycocyanin (Cy7APC) 
(13) has extended the number of useful fluorescence 
measurement parameters tor immunophenotyping to nine. 
The use of eight of these simultaneously was demonstrated 
previously (2, 12). We have now extended the instnimenta- 
tion described therein to allow all nine of these fluorescent 
labels to be evaluated on each cell. 

Capable instrumentation is only one aspect of perform- 
ing complex multiparameter experiments. Two other, and 
equally important, aspects are reagent<lye selection and 
data analysis tools. In Roederer et al. (12) data were 
presented on two of the issues of reagent-dye selection: 
relative dye "brightness" and spectral interactions. Rela- 
tive dye "brightness" is the ability of that dye to separate 
stained populations from background. Three different 
methods were presented to quantitate this attribute. Based 
on those results, the authors concluded that Cy5PE and 
APC are the two "brightest" dyes, followed by PE; TR and 
FITC are roughly equivalent, and CB and CY somewhat 
'duller" than the other dyes. The usefulness of these dyes, 



however, is also affected by their spectral interaction and 
the expression levels of the markers under investigation. 
In this report, we demonstrate how these aspects can be 
considered in the design of a set of reagent-dye combina- 
tions that identifies various murine splenic rVcell popula- 
tions by incorporating all nine available fluorochromes. 

Correcting for the spectral overlap between two dyes 
excited by the same laser to provide corrected estimates of 
the amount of signal produced by each dye was first 
introduced by Loken et al. (10). This system used subtrac- 
tion of linear voltage pulses from the linear preamplifica- 
tion system of the electronics to implement the correc- 
tion. Critical to this process is the requirement that the 
pulses produced by the electronic detection system (pho- 
tomultiplier tube and current-to-voltage amplifier) for each 
dye are matched in shape and timing. Because flow 
instrumentation then and now uses the pulse height 
produced by the detection system as the measurement of 
the signal intensity, discrepancies of shape between sub- 
tracted pulses, which should yield a low or zero-level 
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Fit;. 1 Analog Piilse Subtraction. A and B are voltage pulses from the preamplifiers on the How cytometer described in this paper generated by Rainbow 
Beads (Spherotech. Inc. IJbcrryville. IL). They arc captured on a Tcxtronix TDS i2() oscilloscope using Wavcstar .software (Tcxtronix, Inc. fteavcrton OR). 
Trace 1 shows the fluorescein signal, trace 2 shows the PE signal. The horizontal scale in both panels is 2 Msec. A: Vertical scale is 2 V. and no compensation is 
applied. B. Compensation has been used to subtract fluorescein from PE with the result shown as trace 2 (vertical scale KM) mv). 



signal, will have residual peak(s) that do not correspond to 
the desired measurement (see Fig. 1). This error will tend 
to increase the variation of compensated signals, limiting 
the ability to measure low level signals above the autofluo- 
rescence background. This process of electronic peak 
subtraction is called analog compensation. 

Mathematically, analog compensation can be modeled 
as a linear transformation of the "signal" vector space into 
the "dye" vector space, where the axes in that space 
represent the measurements of each dye alone. This model 
can easily be extended to any number of measurement 
parameters and implemented in software to correct flow 
data (as computer list mode riles) for the spectral overlaps 
of more than two dyes; this was first mentioned by 
Roederer and Murphy (14) and further elaborated upon in 
Bagwell and Adams (3). The computations require that the 
list mode data be converted from log signal levels (which is 
used for the measurement of most immunofluorescence 
data) back to the linear domain to apply the model, then 
the results reconvened back to the log domain. However, 
a log amp is not a perfect device; our investigations (data 
not shown) have found that errors of ± 5% are typical of 
log amp designs for flow cytometers, with the errors 
generally increasing at the bottom and top of the scale. 
Moreover, in most staining situations, the 'negative" 
population signal is a mixture of cellular autofluorescence 
and non-specific staining. Thus, calculation errors and 
incomplete matching to the software model of the data 
deteriorates digitally compensated data. 

Just as the software model can be extended as described 
above, the analog hardware can also be elaborated to 



correct more than two measurements. For multi-laser 
multi-fluorochrome configurations, a design that included 
delay lines to synchronize the pulses from the differently 
timed laser crossings and a large subtract! ve network to 
implement the myriad interactions among different dyes 
(see Table 1A) could be constructed. However, such a 
scheme has engineering difficulty meeting the require- 
ment of matching pulse shapes and aligning them pre- 
cisely in time, and would be difficult to expand as more 
measurement parameters are added. 

Conceptually simpler would be to move the software 
model into the electronics by digitizing li on the fly" the 
linear pulses or peak heights of each event and processing 
them to obtain compensated log data that are then 
collected for analysis and/or used for sorting. Although 
modern microprocessors can easily handle the computa- 
tion load, the engineering requirements in terms of band- 
with and dynamic range of a system to digitize the linear 
signals have not yet been adequately met. 

In this paper, we investigate a compromise system that 
uses analog compensation to partially compensate signifi- 
cant same laser spectral overlaps, followed by post-hoc 
software (digital) compensation. Using partial analog com- 
pensation minimizes the calculation errors of post-hoc 
software compensation while bringing the major same- 
laser spectral overlaps to a low level. By not attempting to 
fully compensate with analog electronics, the bias intro- 
duced by mismatched peak shapes is avoided. Applying 
software compensation to these signals minimizes the 
effects of calculation errors since the values subtracted are 
significantly smaller (see Table IB) than those used for 
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Table 1 

Typical Spectral Spillover Matrices for Software Compensation* 



Measurement Parameter 



Source 


FITC 


PE 


Cv5PE 


TR 


APC 


Cy7APC 


Cy7PE 


CB 


CY 


A. Without partial analog compensation 














FITC 




0.28 


0.O4 


0 


0 


0 


0.01 


0 


0.02 


PE 


0.02 




0.18 


0.03 


0 


0 


0.02 


0 


0.02 


Cv5PE 


0 


0.03 




0.01 


0.10 


0.02 


0.15 


0 


0 


TR 


0 


0 


t\ t\ i 

U.U 1 


— 


0.12 


0.02 


0 


0 


0 


ap<; 


0 


0 


0.07 


0.14 


— 


0.10 


0.01 


0 


0 


CyTAPC; 


0 


0 


0.05 


0.25 


0.68 




0.14 


I) 


0 


CvTPE 


0 


0.03 


0.01 


A 
\J 




0 03 




u 




CB 


0 


0 


0 


0 


0 


0 


0 




0.07 


cy 


0.06 


0.04 


0.02 


0 


0 


0 


0.01 


0.01 




B. With partial analog compensation 
















FITC 




0 


0 


0 


0 


0 


0 


0 


0.02 


PE 


0 




0.03 


0.03 


0 


0 


0.01 


0 


0.02 


Cy5PE 


0 


0.01 




0 


0.10 


0.02 


0.09 


0 


0 


TR 


0 


0 


0.01 




0.02 


0.01 


0 


0 


0 


APT 


0 


0 


0.07 


0.02 




0.04 


0 


0 


0 


Cy7APC 


0 


0 


0.05 


0.17 


0.57 




0.14 


0 


0 


c:>-7pe 


0 


0.03 


0 


0 


0 


0.02 




0 


0 


CB 


0 


0 


0 


0 


0 


0 


0 




0.01 


CY 


0.06 


0.02 


0.02 


0 


0 


0 


0.01 


0 





*A is with no analog compensation; B is with partial analog compensation as described in ihe text. For each row a sample singly stained 
with the source tluorochrorne is run. The positive staining cells arc selected and the median in each measurement channel calculated. 
Each row element is the ratio of the median in that measurement channel to the median in the source channel (spillover into source 
channel is not relevant and indicated by a dash). The inverse of this matrix, normalized so the position of the source medians remains 
constant, is the matrix used to calculate compensated parameters. The highlighted cells represent spillover values greater than S%, which 
have been reduced by the use of partial analog compensation. Cross laser spillovers, in general, arc not changed by the analog 
compensation used here. 



pure digital compensation. In this study we show that this 
results in cleaner measurements on selected parameters 
than using software compensation alone. 

However, there is at least one limitation in the compen- 
sation process that applies equally to all of the above 
possible methods: the quality of the underlying measure- 
ments itself. Compensation cannot decrease the variation 
in the original signals. Thus, in a log-log presentation of 
compensated data, visually the spread of a stained popula- 
tion relative to a spillover channel will generally be greater 
than the spread of the unstained cells. Moreover, the 
amount of light gathered for the measurements is an 
underlying determinant of how much the original varia- 
tion may increase. In the red emission regions, the overall 
amount of light converted into electrical signals (photoelec- 
trons) is lower that in the shorter wavelengths. Even 
though the staining intensity on the red-emitting param- 
eters in general has a better signal/background ratio 
compared to the shorter wavelength-emitting dye, the 
absolute intensity is, in general, lower. This results in a 
greater uncertainty of measuring these signals, both in the 
primary measurement channels and channels with spec- 
tral overlap. In several cases, this is the limiting factor in 
how well compensation can be done independent of the 
method chosen. In the context of our study, while the use 
of partial analog followed by digital compensation results 
in a measurable decrease in the variation of the compen- 
sated signal compared to using digital compensation 
alone, the underlying variation in some measurement 



parameters due to the limited light available for the 
measurements obscures any advantage gained. 

Data collection and analysis tools used for multiparam- 
eter experiments can help or hinder the process. Full 
annotation of data sets, including information regarding 
dye color, reagent, cell type, and any special conditions 
associated with the particular sample, is particularly useful 
for multiparameter analysis. A tool for constructing proto- 
cols, with which an entire cytometer run can be delin- 
eated in advance has been described previously (11) and 
has aided greatly in the management of complex multipa- 
rameter experiments. Furthermore, it is important to have 
analysis tools that can manage complex subset analysis, 
visualize data sets in different forms, and be able to handle 
large multiparameter data sets. A software program, 
Flowjo'*, commercially available from Tree Star, Inc. (San 
Carlos, CA), has been designed over the past few years by 
our laboratory to fulfill these criteria. 

We demonstrate here that with this system of hardware, 
software, and reagent system, nine fluorometric param- 
eters can be used simultaneously, along with forward and 
side light scatters, for state of the art immunophenotyping. 
The data quality achieved is sufficient to characterize 
populations with both high and low (< 1%) frequencies. 

MATERIALS AND METHODS 
Antibody Reagents 

FITC-labeled monoclonal antibodies (mAbs) anti-CD21/ 
CD35 (7C^6), PE-labeled anti-CD 24 (30F1). Cy5PE labeled 
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anti-CD3 (I45-2C11), anti-CD5 (5.7) and anti-B22() (RB3- 
6B2). and purified, unconjugated anti-CD t (3C11) were 
obtained from Pharmingen (San Diego, CA). Streptavi- 
din-TR was obtained from Vector (Burlingame ; CA). The 
following anti-murine mAbs were obtained by purifying 
serum-free tissue culture supcrnatants fmm hyhridomas 
using protein G (Pharmacia. Piscutaway, NJ) affinity chro- 
matography: anti-B220 (RB3-6B2); anti-CD3 (145-2C11); 
anti-CD4 (O.K. 1.5); anti-CD8 (56.7.1); anti-F4/8() antigen 
(F4/80): anti-IgD (1126); anti-IgM (331): anti-CD43 (S7). 
The purified antibodies were conjugated to the following 
fluorochromes: CB: anti-CD3, anti-CD4, anti-CDH, anti-IgM, 
anti-B220, anti-F4/80; CY: anti-B220, anti-CD8; APC: anti- 
CD43, anti-IgM, anti-B220; Cy7APC: anti-IgM, anti-IgD; 
Cy7PE: anti-IgD; biotin: anti-CD 1 ; PE: anti-CD5. Conditions 
of conjugations were exactly as described previously (6, 7, 
12). Optimal staining concentrations were determined 
separately for each antibody-conjugate by titration on 
appropriate primary cells. 

As controls for partial analog compensation individual 
samples of murine spleen cells were stained separately 
using each fluorochrome. To achieve optimal brightness 
some samples were stained with two or three antibodies 
conjugated to the same fluorochrome: FITC: anti-B22() and 
anti-IgM; PE: anti-IgM, anti-IgD and anti-B220; CyvPE: 
anti-B220; TR: anti-IgM, anti-IgD; APC: anti-IgM, anti-B220; 
Cy7APC: anti-IgM, anti-IgD; Cy7PE: anti-IgD; CB: anti-B22(), 
anti-IgM; CY: anti-CD8. Partial analog compensation set- 
tings were chosen so that the spillover of the positively 
staining compensation control was reduced by at least 
half, when possible, without driving any related signals 
onto the measurement axes. 

Murine spleen cells stained with anti-CD5 PE or TR and 
anti-CD3 Cy5PE were used to illustrate the visual compari- 
son of partial analog compensation vs. no analog compen- 
sation. 

Cell Staining and Analysis 

Eight- to twelve-week-old BALB/c mice were taken from 
our breeding colony at the Research Animal Facility at 
Stanford University. Mice were sacrificed by cervical 
dislocation and single cell suspensions from spleens were 
obtained by gently disrupting the tissue between two 
glass-slides. Erythrocytes were lysed in ACK (9) buffer and 
remaining cells were resuspended at 2.5 x 10 7 /ml in 
staining medium (deficient RPM1, 3% newborn calf serum, 
1 mM EDTA, 20 uM azide). IgFc7R-receptors were blocked 
by incubating cells for 15 min on ice with the anti-Fc^RII/ 
III mAb 2.4.G2 (Pharmingen, San Diego, CA). For cell 
staining, equal volumes of (blocked) cells and antibody- 
cocktails, containing each antibody at its optimized concen- 
tration, were incubated in 96- well round-bottom plates on 
ice for 20 min. Cells were washed twice with staining 
medium and streptavidin-TR was added for a further 15 
min on ice. Cells were washed twice, resuspended in 
staining medium containing propidium iodide at a final 
concentration of 0.25 ug/ml, and analyzed immediately. 
Data were collected by FACS-Desk (1 1) and analyzed using 
Flowjo® software (Tree Star, San Carlos, CA). In order to 



facilitate the elucidation of potentially small subpopula- 
tions, 100,000 events per sample were collected. 

Cytometry Hardware 

The hybrid flow cytometer combining a modified 
FACStarPlus* optical bench (Becton Dickinson. San Jose 
CA) with MoFlo® (Cytomation, Inc., Fort Collins, CO) and 
custom electronics ; has been described in detail (12). 
Figure 2 is revised from Roederer et al. (12) to show the 
nine color detector configuration. The 407-nm emission 
arm was modified by adding a beam splitter and emission 
filter for CY, and by reversing the position of the CB 
detector and the (formerly spare and now) CY detector. 

The overall layout of the electronics was left unchanged 
from Roederer et al. (12) and is not reproduced here. 
However, three modifications were made to different parts 
of the system. First, the MoFlo* electronics console was 
upgraded by the manufacturer to use a 32-word data 
frame. This makes it possible to add ADC boards (now 6 in 
the console) to process eleven measurement parameters 
(two light scatter signals and nine colors). Second, some of 
our custom electronics were changed. In particular, the 
preamplifiers were replaced with a set of computer- 
controlled compensating preamplifiers, and the preampli- 
fiers are connected to non-rectifying logarithmic amplifiers 
(8) whose outputs feed linear inputs of the MoFlo* 
electronics. This allows pair-wise analog compensation 
between the following fluorochromes: FITC and PE, PE 
and CySPE, PE and Cy7PE, Cy5PE and Cy7PE, TR and APC, 
APC and Cy7APC, and CB and CY. Third, minor modifica- 
tions were made to our instrument control and monitoring 
software to accommodate the above hardware changes. 

RESULTS 
Reagents 

All direct antibody conjugates can be used to stain cells 
simultaneously. However, we observed that a high concen- 
tration of CB or CY can lead to unspecific binding of the 
other violet-light excited fluorochrome to the stained cells, 
resulting in false double-positive staining. To avoid this 
problem, we currently use only one of the two violet-light 
excited flurochromes conjugated during the first staining 
step and stain with the other reagent in a second step, if 
applicable, together with the streptavidin conjugate. 

Compensation Between 407-nm and 488-nm 
Excited Parameters 

Both FITC and PE are slightly excited by the 407-nm 
laser line, and CY is slightly excited by the 488-nm laser 
line. Thus, FITC and PE show a small but measurable 
spillover into the CY measurement channel and CY has a 
similar spillover into the FITC and PE measurement 
channels (see Table 1A). CB and CrY also have small 
spectral overlaps with each other in this configuration. 
Digital compensation is effective at removing this low level 
of specral overlap (data not shown), while the combina- 
tion of partial analog compensation and post-hoc software 
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Legend 




Fie. 2. Optical layout and Filters lor Nine Q>Ior Measurements. This block diagram shows the optica! layout on the modified FACSiarPlus'* hench that is in 
use for nine color eleven parameter measurements. Relay lenses are used on the extended pathways to reft>cus the emission onto the PMT detectors. Filters 
and beam splitters that are not standard Becton Dickinson parts were obtained from either Chroma Technology Corp, Hrauleboro VT. or Omega Optical, 
Brattleboro. VT. Note the change in position of the CB detector when CY is added, compared lo Figure 2 in Roeilerer et al. ( 1 2). 



compensation is effective at removing the overlap of CB 
into CY (see Table 2 and Fig. 3). 

Using Partial Analog Compensation 

We next determined whether the use of partial analog 
compensation can improve the compensation results. 
Poor compensation will result in a broader range of the 



compensated signal on a spillover channel. That is, a poor 
signal, compared to a better one, will simultaneously have 
more events on the reagent axis as well as events further 
off the axis. Thus, compensated signals with lower intro- 
duced variation will allow one to better discriminate 
low-level staining from negative events in multicolor 
measurements. 
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Table 2 

Typical Effects of Partial Analog Compensation on Signal Measurement* 
Spectral spillover Spectral spillover Light level Reduction in variation 





(no analog 


(partial analog 


on spillover 


on spillover 


Measurement 


com p.) 


comp.) 


channel (cv) (%) 


channel (%) 


FITC — PE 


0.29 


0.01 


5.5 


15 


PE — Cy5PE 


0.18 


0.03 


93 


18 


Cy5PE — CvTPE 


0.15 


0.09 


9.6 


15 


TR — APC ' 


0.12 


0.02 


15 


15 


APC — * TR 


0.14 


0.02 


14 


8 


APC — CV7APC 


0.10 


0.04 


21 




CyTAPC — APC 


0.68 


0.57 


29 


0 


CB — CY 


0.07 


0.01 


7.1 


11 



The compensation controls were am with no analog compensation and partial analog compensation as described. 
Forward and side light scatter gates were set to eliminate dead cells and debris. The spectral spillover columns are 
copied from Table 1. The "Reduction in variation on spillover" resulting from partial analog compensation is 
measured on the spillover channel, calculated using the difference between the 75th and 50th percentiles of the gated 
cells in the samples described, without and with the use of partial analog compensation. The "light level on spillover* ; 
is the CV of a narrow slice around the median of positively staining cells calculated on the spillover channel. 



A common statistical metric for comparing the range of 
a measurement is the difference between a high and low 
percentile, say the 75th and 25th percentiles. However, 
this metric will not be usable here because half or more of 
the events of the unstained population are at lowest 
measurable signal level (i.e., "on the axis"). To avoid this 
artifact, we choose the somewhat ad-hoc metric of the 
difference between the 75th and 50th percentiles on the 
spillover parameters.. This allows us to numerically com- 
pare the variation in the two methods of compensation. 

The boxes highlighted in Table 1A show the same laser 
spectral overlaps that are significant and can be reduced 
using partial analog compensation, as shown in the corre- 
sponding spectral overlaps in Table IB. Table 2 list these 
results from Table 1 and the computed changes along with 
our ad-hoc metric. Also listed is the coefficient of variation 
(CV) on the spillover channel of a uniform population of 
positively staining cells on the source channel. This 
number reflects the uncertainty of measurements due to 
statistical variation (photon statistics) on both the source 
and spillover channels, with more uncertainty resulting in 
a larger value. 

Table 2 shows that partial analog compensation fol- 
lowed by digital compensation results in reduction of the 
variation of signal in the spillover channel compared to 
using digital compensation alone. This improvement is 
correlated, with one exception, with the light level esti- 
mates provided. There is less relation to the original size of 
the spillover or the amount of spillover reduction provided 
by analog compensation, as long as both are non-trivial. 
We are not sure why the 4th row of this table (TR-APC) 
does not fit this pattern, and plan to investigate this 
further. 

Figure 3 shows the underlying data sets for Table 2 
displayed as contour maps. The horizontal lines help 
visualize the reduction in variation by showing a decrease 
in the extreme values of the stained populations. Plots 
corresponding to the last two rows of Table 2 are not 
shown; there is no variation change in CyTAPC-stained 
population as measured on APC, and the variation changes 



for CB-stained populations do not noticeably affect the 
extreme values of them. 

Application to Immunophenotyping 
of Murine Splenic B-Cells 

To identify- potentially novel B<ell subsets in the spleen, 
9-color staining cocktails were devised that included a 
series of surface markers that are known to stain B-cell 
subpopulations. Figure 4 shows the analysis of one such 
cocktail on one cell sample. After live cell gating by 
Forward Scatter-Side Scatter profile and propidium iodide 
exclusion (data not shown), cells were selected for their 
expression of the pan-B cell marker B220. To exclude the 
small number of T-cells that express this marker, and to 
exclude macrophages that might interfere with the analy- 
sis, cells were also stained with several anti-T-cell markers 
(anti CD3> anti-CD4, anti-CD8) and the macrophages 
marker F4/80. 

Non-T-cells expressing B220 were then separated into 
IgM low IgD hi and lgM hi IgD ,nw B cells. The majority of IgD hi 
IgM low cells (gate E, Fig. 4A) expressed all characteristics of 
follicular B cells: CD21 int CD43~ CDl ,nw CD24 low CD5~. 
However, like the cells within gates A and D, a subpopula- 
tion of cells expressed high levels of CD1 (shown as 
expression levels above indicated bar in plot), consistent 
with a previous report that demonstrated that a subset of 
follicular B cells expressed high levels of CD1 (1). 

Analysis of CD43 and CD21 revealed three subpopula- 
tion among the IgM hi IgD" m cells: CD21~CD43~ (gate B) 
CD21 im CD43" (gate A) and CD21 hi CD43" (gate C). Cells 
within gate B were characterized as a homogeneous 
population of CD24 hi , CDl ll,w and CD5~ cells, consistent 
with their being immature B-cells (1,3). Cells in gate C also 
appeared homogenous, expressing the following pheno- 
type: CDl hi CD24 int CD5". This phenotype is associated 
with marginal zone B-cells (1). The majority of cells within 
gate A was CD24 i,u CDl lnw and CD5 + . Therefore, the 
phenotype of this cell population is that of B-l cells, 
representing about 0.3% of all events acquired. The 
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Fk;. 3. Typical influence of compensation on data quality. Spleen cells from HALH/c mice were stained were stained as compensation controls as 
described in the text. Forward and side light scatter gates were set to eliminate dead cells and dehris. The six pairs of contour plots (5% probability contours) 
correspond to the tirst six lines in Table 2. In each pair the left plot is generated using software (digital) compensation only, and the right plot is generated 
from data to which analog compensation was applied, followed by software compensation. The horizontal line on each pair is drawn at the lowest contour 
level of the positively stained population in the right plot. 



hallmark of B-l cells is their expression of CD5 and CD43, 
which is believed to be restricted to this subset (1 ,*>). 

Interestingly, a second CD> + B cell population was 
identified which also expressed high levels of CD43, but 
belonged within the IgM lmv IgD hi B cell subset (D), 
associated with follicular B cells. Cells within gate D were 
similar to the B-l cells in their expression of CD43 and 
CD2L however, they expressed less CD24 than B-l cells, 
as measured by dieir mean fluorescent intensities (MFI) of 
7.9 vs. 14.2. Furthermore, they also expressed lower 
levels of CD5 (MFI 1 1 vs. 22, respectively). This popula- 
tion of cells with the phenotype lgD hi IgM lnw CD43 + 



CD24 im CDl ,mv CDS f represents 0.6% of cells within the 
original sample, and does not correspond to any previ- 
ously published B-cell subpopulation. 

To confirm that this population was not artificially 
created by the gates set to separate IgM hi IgD ,ow and IgM hi 
IgD "* cells, we determined the expression of IgM vs. IgD 
on B22(T CD43 + and B220 + CD43" cells. As shown in 
Figure 5, B220" CD21 im CD43 + cells are heterogeneous in 
their expression of IgM and IgD. In comparison to the 
CD43~ cells, a higher relative frequency of CD43 + cells 
expresses IgM hi lgD low . presumably B-l cells. However, a 
significant number of cells in this gate expresses IgM k,w 
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Fu;. 4. Splenic B-cell subpopuliitions. Spleen cells 
from BALH/c mice were .stained for expression of the 
indicated surface markers. Live cells were identified 
by exclusion of propidium iodide and lymphocyte 
FSC/SSC profile (data not shown). Shown is the 
identification of five B-ccll subsets according to their 
expression of either If»M hi IgD l m or lgM 1 "" lnD hi and 
subsequent gating for the expression of CD2I and 
0)43. Analysis gates are shown as boxes, and frequen- 
cies of gated cells are indicated as percent of total 
cells within the plot. Subsequent gating is indicated 
by arrows. Histograms include the mean fluorescent 
intensities (MFI) for Cy5PE-CD5 
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IgD 1 ", therefore constituting the second population of 
CD43 + cells, identified as CD5 + conventional B-cells. 

Therefore, we identified, using nine distinct conjugates 
on one sample, five discrete B-cell subpopulations, at least 
three of which showed further heterogeneity with regard 
to their expression of CD1 and CD24. 

DISCUSSION 

We demonstrate in this report the feasibility of using 
nine dyes along with two light scatter signals for immuno- 
phenotype analysis. Using antibodies conjugated to four 
different fluorochromes excited at 488 nm, three excited 
at 595 nm. and two excited at 407 nm, we further 
demonstrate the unprecedented capabilities of this flow 
cytometric assay by identifying with a single data collec- 
tion a total of five distinct murine B-cell subpopulations in 
the spleen of normal mice, one of which has not been 
described before. 

For the simultaneous analysis of multiple cell surface 
markers, careful choice of the dyes to be used with each 
antibody is critical. The first consideration is whether a 
certain marker is expressed at high or low levels on the 



cells of interest. A suitable candidate dye should be chosen 
based on (I) dye " brightness" and (2) spectral interac- 
tions. Spectral interactions have to be considered, as 
spectral overlap and the compensation process can de- 
grade the measurement, especially when the signal size, 
overlaps, and amount of adjustments required are large. 
For example, CD5 is expressed highly on T-cells, but is 
expressed at low levels on certain B-cell subsets. Very few- 
conjugates will resolve these cells from the background. 
"Bright" dyes in our system are Cy5PE and APC Consider- 
able overlap exists between APC and Cy7APC, and other 
dyes such as Cy5PE and TR also interfere with the APC 
measurement. As a result of these overlaps, the APC 
negative cells have a relatively broad distribution, which 
potentially can make the resolution of dimly staining 
populations difficult. In contrast, less spillover into the 
Cy5PE channel was observed, and Cy5PE proved to be a 
useful dye in our configuration for measuring the low 
expression of CD5 on certain B cell subsets. Thus, for the 
analysis of a novel surface marker for which the particular 
characteristics in expression levels are not clear, it is 
important to choose stains and combination of stains that 




have minimal influence on the channels in which the 
markers of interest are measured. 

At the other end of the 'brightness'* spectrum are the 
dyes CB and CY. These dyes produce a relatively small 
signal in relation to typical autofluorescence background, 
so that antibody conjugates have to be chosen that identify 
markers that are expressed uniformly at relatively high 
levels on cell subsets. An example is given in Figure 4, in 
which distinct B- and T-cell markers were chosen for use 
with the Krypton laser excited dyes. On the other hand, 
these dyes have very little measurement overlap from 
other fluorochromes, so that even low frequency popula- 
tions of cells can be identified distinctively with these 
dyes. 

In the case of FITC, the overlap from the other dyes 
range from small to negligible. Even though FITC is only a 
moderately "bright" dye. it is useful for distinguishing 
even relative small differences in the expression levels of a 
given cell surface marker. An example for this is provided 
in Figure 4 f in which the expression of the complement 
receptor CD21 is studied on B<clls. As shown, the 
expression levels of this marker vary only about \(h to 
20-fold among the different B-cell subsets, however, good 
separation was achieved and enabled the identification of 
three B-cell subsets among the IgM w IgD lmv cells. 

The usefulness of some dyes can be further increased by 
using a biotin-avidin system. In the example shown in 
Figure 4, "bright"' CD1 staining was achieved using 
biotin-CDl together with Streptavidin-TR. 



In the process of making these choices, it is important to 
confirm the staining patterns for each of the reagent-dye 
combinations by measuring the marker of interest in the 
presence and absence of each of the other stains in the 
antibody cocktail. When compensation is applied, ideally 
the expression levels, as measured by mean fluorescent 
intensity of the populations of interest, should be identical 
in the presence or absence of each of the other reagents. 
For certain dye combinations, such as APC and Cy7APC, 
this is very difficult to achieve. When a population with 
high expression levels is stained with a conjugate using 
one of these dyes, the background levels measured for the 
other reagent most often will also increase somewhat. 
Carrying out the control measurements described above 
will facilitate the distinction of weak positive staining from 
background. 

It is also important to note that the figures of merit for 
dye brightness given in Roederer et al. (12), upon which 
the above considerations arc based, are not absolute, but 
relative both to the dyes and the instrument. Optical and 
flow geometry, the level of the background on various 
measurement parameters, and excitation conditions can 
have a strong effect on the ordering of the various dyes For 
example, among the three 488 nm excited dyes, FITC, PE, 
and Cy5PE. PE is the ' brightest" on a FACScan® (Bccton 
Dickinson, San Jose. CA) by the three criteria used in 
Roederer et al. ( 1 2) (data not shown), while Cy5PE is the 
"brightest" on our jet-in-air sorter. Thus, until appropriate 
tnter-instrument standards and calibrations exist, one 
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should evaluate the dyes in use in their own particular 
configuration before making final determinations regard- 
ing their "brightness." 

Partial analog compensation followed by digital compen- 
sation in post-hoc software, reduces the variation of cell 
distributions than software compensation used alone. 
Visually this can result in small improvements in the 
separation of subpopulations depending upon the reagent- 
dye combinations used. However, the improvement is not 
great enough to overcome unsuitable reagent combina- 
tions or the inherent variation due to low light (i.e., 
photoelectron) levels on some measurement parameters, 
hence the process of reagent choice described above must 
be carefully carried out for satisfactory results. 

After a certain staining combination has been estab- 
lished and the staining patterns verified with the appropri- 
ate controls, the introduction of one new marker in a 
tested reagent combination becomes easy. It is then that 
the power of multicolor analysis becomes apparent. The 
expression levels of the new marker among the previously 
identified cell subpopulations can be determined within 
one sample. In the example shown in Figure 4 A, a novel B 
cell subpopulation was identified not by introducing a 
novel marker, but by the ability to apply simultaneously a 
number of known surface makers. Expression of CD 5 and 
CD43 was thought to be restricted to B-l cells, which 
comprise only a small fraction of the B cells in the spleen 
of adult mice and are thought to represent a separate B-cell 
lineage from follicular B<ells (15). However, the data 
shown here suggest that a small percentage of B-cells, 
which show all the hallmarks of follicular B-cells, namely 
their expression of IgM 1,,w IgD hi CD21 int CD24 im CDl hMV . 
can also express these two markers. Further differences 
between conventional CD5-expressing B-cells and B-l cells 
were seen with regard to the levels of CD5 that are 
expressed by these different cells. The finding of conven- 
tional CD5-expressing B-cells is in agreement with earlier 
in vitro studies that demonstrated that conventional B-cells 
can express CD5 under certain stimulation conditions (4). 
Further work is needed to confirm the origin of the two 
CD5 expressing B-cell populations in the spleens of 
normal mice, to determine whether they indeed belong to 
separate B-cell lineages. 

Although our hardware involved considerable in-house 
development, at least one manufacturer (Cytomation, Inc.) 
can supply a system with similar multicolor measurement 
capability, although without analog compensation. We 
expect the other major manufacturers, as they introduce 
new systems and retrofit their old ones, to provide similar 
capability for making these simultaneous measurements. 
Flow cytometric measurements on cells are used not only 
for phenorypic analysis, but also for various functional 



studies, such as Ca ++ -flux analysis, activation marker 
expression, gene expression, and the identification of type 
and frequency of cytokines produced by a given cell 
population. The development of multicolor flow cytomet- 
ric systems, such as the one described in this study, 
provides the tools for combining complex functional and 
phenotypic measurements on heterogeneous cell popula- 
tions for their analysis immediately ex vivo. The system 
described here can, therefore, enhance the quality and the 
feasibility of many cell biological studies. 
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Background: Multiparameter DNA flow cytometry using 
a one-laser bench-top flow cytometer has been restricted 
to three different colors. The two laser FACSCalibur has 
recently been introduced, allowing four-color analysis. 
Therefore, we optimized and extended our three-color 
method (Corver et al., 1994, Corver et al. 1996) to a 
four-color analysis of phenotypic intra-tumor heterogene- 
ity using a bench-top flow cytometer. 
Methods: First, the effect of a range of different pro- 
pidium iodide (PI) and TO-PRO-3 iodide (TP3) concentra- 
tions on the coefficient of variation (CV) of the DNA 
histograms was measured using paraformaidehyde-nxed 
lysolecithin-permeabilized peripheral blood lymphocytes 
(PBLs) and SiHa and HeLa cervical cancer cells. Second, 
labeling freshly isolated cervical cancers from solid tumors 
was optimized with a mixture of anti-keratin antibodies. 
Third, the FACSCalibur hardware was modified, thereby 
allowing the simultaneous measurement of aiiophycocya- 
nin (APC) fluorescence (FL4) in combination with FL3 
pulse processing (FL3-W vs. FL3-A). The optimized proce- 
dure was then applied to cell suspensions from four 
different human cervical cancers to study phenotypic in- 
tratumor heterogeneity. Cell suspensions were simulta- 
neously stained for DNA (PI, fluorescence) and three cel- 
lular antigens: (a) the epithelial cell-adhesion molecule 
(Ep-CAM; APC fluorescence), (b) keratin (R-phycoerythrin 



[RPE] fluorescence) to identify the epithelial fraction, and 
(c) vimentin (fluorescein-isodiiocyanate [FITC] fluores- 
cence) to label stromal cells. 

Results: Overall, PI produced better CVs than did TP3. 
The optimal concentration of PI was 50-100 u,M for all 
cells tested. Average CVs were 1.76% (PBL), 3.16% (HeLa), 
and 2.50% (SiHa). Optimal TP3 concentrations were 0.25- 
2.0 u,M. Average CVs were 2.58% (PBL), 5.16% (HeLa), and 
3.96% (SiHa). Inter- or intra-DNA stem line heterogeneity 
of Ep-CAM expression was observed in the keratin-posi- 
tive fractions. Vimen tin-positive, keratin-negative cells 
were restricted to the DNA diploid fraction. 
Conclusions: PI is a superior DNA stain to TP3 when 
using intact normal PBL and human cancer cells. Four- 
color high-resolution multiparameter DNA flow cytometry 
allows the identification of intratumor subpopulations us- 
ing PI as DNA stain and FITC, RPE, and APC as reporter 
molecules. The FACSCalibur bench-top flow cytometer 
can be used for this purpose, allowing the application of 
this technique in clinical laboratories. Cytometry 39: 
96-107, 2000. © 2000 Wiiey-Liss, Inc. 
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Multiparameter DNA flow cytometry (FCM) is a power- 
Ail tool for analyzing intratumor heterogeneity (1-3) of 
human solid tumors. Compared with standard immuno- 
histochemistry, FCM has several advantages for studying 
intratumor heterogeneity, despite the fact that cells can- 
not be visually examined. Multiple cellular protein expres- 
sion can be measured simultaneously in thousands of cells 
in combination with DNA ploidy analysis. Moreover tu- 
mor subpopulations identified by differential protein 
marker expression and DNA ploidy can be flow sorted for 
subsequent molecular genetic characterization (4,5). 



Until now, a maximum of three parameters (DNA and 
two cellular proteins) could be measured on a bench-top 
single-laser flow cytometer (FACScan). The use of anti- 
keratin monoclonal antibodies (mAbs) enables the identi- 
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TUMOR HETEROGENEITY STUDIED BY FOUR-COLOR DNA FCM 
Table 1 

Monoclonal Antibodies Used to Study Phenotypic Intratumor Heterogeneity of Ep-CAM Expression* 
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mAb 


Antigen 


CL80 


ran-Kcraun 


AP1/AR 

/VI. L/JXEtj 


ran-Kcratin 


MNF116 


Keratins 4, 6, 8 17 19 


6D10 


Keratin 4 


OV-TL 12/30 


Keratin 7 


M20 


Keratin 8 


DE-K10 


Keratin 10 


KS-1A3 


Keratin 13 


M9 


Keratin 18 


BA17 


Keratin 19 


V9 


Vimentin 


323/A3 


Ep-CAM 



IgG subclass 


Reporter molecule 


Reference 


IgGl 


RPE 


22 


IgGl 


RPE 


23 


IgGl 


RPE 


24 


IgGl 


RPE 


25 


IgGl 


RPE 


26 


IgGl 


RPE 


27 


IgGl 


RPE 


28 


IgGl 


RPE 


29 


IgGl 


RPE 


30 


IgGl 


RPE 


31 


IgG2b 


FITC 


18 


IgG2a 


APC 


15 



Ar^ t auopnycocyanin; Lp-CAM, epithelial cell-adhesion molecule; FITC, fluorescein-isothiocyanate; mAb, monoclonal antibody; RPE, 
R-phycoerythrin. The anti-keratin mAbs were mixed in order the labeling of all epithelial cells present in squamous cell carcinomas, 
adenocarcinomas, and adenosquamouscarcinomas of the uterine cervix. The other mAbs used in this study for staining Ep-CAM and 
vimentin, differ in mouse IgG isotype, which allowed the simultaneous labeling of three cellular antigens with an indirect staining 
technique. 
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Fig. 1 . Coefficient of variation (CV) of the DNA histograms as a function of DNA dye concentrations. Human peripheral blood lymphocytes (PBLs) and 
cells from human cervical carcinoma cell lines were fixed, permeabilized, and stained by different T0-PRO3 iodide (TP3) and propidium iodide (PI) 
concentrations. TP3 fluorescence was measured using the FL4. ModFlt 5.2 (Verity Software House) was used for DNA histogram analysis. The results from 
one complete experiment are shown. A: CVs of PBL (+) and HeLa (circles) and SIHa (squares) cells stained with PI. B: CVs of PBL (+) and HeLa (circles) 
and SiHa (squares) cells stained with TP3. Note that the CVs of the PBL more strongly depend on the TP3 concentration than those of HeLa and SIHa. 



fication of carcinoma cells in cell suspensions from solid 
tumors. Simultaneously, these cells can be stained for a 
second cellular protein, e.g., p53 (6,7), the epithelial cell 
adhesion molecule (Ep-CAM), erbB2 (2), or epidermal 
growth factor receptor (EGFR) (3), and DNA. Fluorescein- 
isothiocyanate (FITC) and R-phycoerythrin (RPE) are fre- 
quently used as fluorescent reporter molecules for cellular 
proteins, and DNA is stained with propidium iodide (PI). 
However, mAbs must be carefully selected based on 
mouse IgG subclass differences to allow correct indirect 
staining for multiple cellular proteins. Directly conjugated 
mAbs for multiparameter DNA FCM of human solid tu- 
mors are still not readily available. 

Recendy, the FACSCalibur flow cytometer was intro- 
duced; it can be equipped, next to a standard 15-mW 
488-nm argon-ion laser, with a 12-mW diode laser emitting 



at 635 nm. This model allows TO-PRO-3 iodide (TP3), a 
recently developed DNA stain with an excitation optimum 
of 642 nm (8), to be used as an alternative to PI for 
multiparameter DNA measurements (9). This method 
opens the possibility to measure four colors simulta- 
neously by using a standard bench-top flow cytometer, 
e.g., FITC, RPE, RPE-Cy5 and TP3 or FITC, RPE, allophy- 
cocyanin (APC) and PI. The usefulness of TP3 as a DNA 
stain for multiparameter DNA studies on clinical samples 
has been demonstrated (10,11). An advantage of the use 
of TP3 compared with PI is the minimal cross-talk into 
green (FL1), orange (FL2), and deep red (FL3) fluores- 
cence detectors because of a time delay between TP3 
fluorescence and fluorescence signals from dyes excited 
by the 488-nm laser line. However, for the study of intra- 
tumor heterogeneity by multiparameter DNA FCM and 
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flow sorting, narrow coefficients of variation (CVs) of the 
DNA peaks are required. This is a necessity in cases with 
muitiple DNA stem lines or a stem line with a DNA index 
(DQ close to 1.0. Thus, first we compared PI and TP3 to be 
used as DNA stain for four-color multiparameter studies 
on a two-laser FACSCalibur. A range of different PI and 
TP3 concentrations was used to stain the DNA of parafor- 
maidehyde-fixed lysolecithin permeabiiized (1) human pe- 
ripheral blood lymphocytes (PBLs) and the human cervi- 
cal cell lines HeLa and SiHa. 

Second, to study phenotypic intratumor heterogeneity 
in cervical cancer, a mixture of anti-keratin mAbs was 
composed to identify the complete epithelial fraction ir- 
respective of the different cervical tumor types. This was 
done because keratin expression pattern of cervical car- 
cinomas differs strongly across squamous cell carcinomas, 
adenocarcinomas, and adenosquamouscarcinomas and 
can be very complex (12). Pilot studies demonstrated that 
the so-called pan-keratin markers failed to label the com- 
plete epithelial fraction in cervical carcinomas as mea- 
sured by FCM. 

Because the standard equipped FACSCalibur does not 
allow the simultaneous measurement of APC fluorescence 
(FL4-H) and PI pulse processing (FL3-A vs. FL3-W), we 
developed a simple modification of the FACSCalibur hard- 
ware to allow these kinds of measurements. 

Third, the optimized four-color staining protocol was 
applied to cervical carcinoma cell suspensions to study 
phenotypic intratumor heterogeneity of the epithelial cel- 
lular adhesion molecule (Ep-CAM) (13), a tumor-associ- 
ated antigen that is highly expressed on many human solid 
tumors (14) including cervical cancer (15). 

We show that tumor-associated cell surface molecules 
(e.g., Ep-CAM, APC fluorescence) can be measured simul- 
taneously with the intermediate filaments vimentin (FITC 
fluorescence) and keratin (RPE fluorescence) and that 
high resolution of DNA histograms is preserved when 
using PI as die DNA stain. With the same protocol, we 
could demonstrate the presence of discrete tumor sub- 



populations differing in Ep-CAM expression, keratin ex- 
pression, and DNA content in cervical cancers. 

MATERIALS AND METHODS 
Cell lines 

Human cervical carcinoma cell lines HeLa and SiHa 
were obtained from the American Type Culture Collection 
(Adanta, GA). Both cell lines were cultured and main- 
tained in standard Dulbecco's minimum essential medium 
(DMEM; GibcoBRL, Paisley, Scodand, UK) containing 10% 
heat-inactivated fetal calf serum (FCS; GibcoBRL) under 
5.0% CO z condition and 95% humidified air. Culture me- 
dia were supplemented with 2 mM L-glutamine (Flow 
Laboratories, Irvine, Scotland, UK), 50 mg/1 streptomycin, 
and 50 IU/ml penicillin (Flow Laboratories). The mono- 
layer cells were harvested using Hank's balanced salt so- 
lution (Sigma Diagnostics, St. Louis, MO) buffered 5 mM 
ethylene-diaminetetraacetic acid/025% trypsin (Flow Lab- 
oratories), as described in detail previously (16). Human 
PBLs were obtained from a healthy donor. 

DNA Staining Titration Experiments 

Freshly isolated human PBLs and HeLa and SiHa cervical 
cancer cells were washed twice with cold phosphate 
buffered saline (PBS). One million cells per test tube were 
fixed with freshly prepared phosphate buffered 1.0% para- 
formaldehyde (Merck, Darmstadt, Germany) containing 
160 n,g/ml of lysolecithin (from egg yolk; Sigma) for per- 
meabilization, added drop-wise under constant swirling 
(1). After 5 min, the reaction was blocked by adding 1.0 
ml PBS/1% bovine serum albumin (BSA; PBA). Cells were 
then spun down and washed once with 1.0 ml PBA. DNA 
staining solutions were prepared in PBA containing 0.1% 
RNase (Sigma) and various concentrations of TP3 (Molec- 
ular Probes, Eugene, OR), ranging from 0.06 \iM to 4.0 
u,M, or containing various concentrations of PI (Calbio- 
chem, San Diego, CA), ranging from 6 fiM to 400 jxM, 
respectively. Each dye concentration was evaluated in 
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Fin. 3. Optimization of labeling cervical cancers by a mixture of anti-keratin monoclonal antibodies (mAbs). Cervical cancer cells were stained for keratin 
(R-phycoerythrin fluorescence) by using chain-specific anti-keratin mAbs, anti-"pan-keratin" mAbs, or a mixture of different antl-keratin mAbs (Tabic 1) and 
DMA (propldium iodide). Samples were analyzed on a FACSCaJIbur. The highest percentage of keratln-positlvc cells and the highest stgnako-noise ratio 
00 were obtained by using a mixture of ami-keratin mAbs (L), compared with the control (A), the use of a mAb against keratin 7 (O. keratin H (D), keratin 
13 (F), and pan-kcratin markers CL80 (I), AE1/AE3 (J), and MNF1 16 (K). A weak signal was obtained with a mAb directed against keratin 18 (G) or keratin 
19 (H). Keratin 10 -positive cells and keratin 4 -positive cells could not be detected (B,E). 



triplicate by using the same cell batch. Cells were incu- 
bated with 0.5 ml DNA staining solution for 30 min at 
37°C to activate the RNase and stored overnight at 4°C 
before flow cytometric analysis. 

Solid Tumors 

Four fresh cervical tumors obtained from the Clinical 
Pathology Department of the Leiden University Medical 



Center were used for this study. Adipose and necrotic 
tissues were removed. Samples were cut in fragments of 
approximately 1-2 mm 3 and incubated at 37°C for 1-2 h 
in 10 ml DMEM (GibcoBRL) per 1.0 g tissue, without FCS, 
containing 0,5 mg/ml collagenase II (Sigma) and 0.002% 
DNA I (Sigma) (17). Suspensions were then passed over a 
nylon sieve with a 100-|xM pore size (Verseidag-Industrt- 
etextilien GmbH, Kempen, Germany). The cell suspen- 
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sions were kept on ice. FCS was added, to a final concen- 
tration of 10%, to block proteolytic activity. The total 
percentage of viable and dead cells was obtained by using 
the trypan blue exclusion method. Average yield was 42 X 
10 6 cells/g tissue. Average viability was higher than 87%. 

Cells were pelleted and resuspended in standard DMEM 
containing 10% FSC, 10% dimethylsulfoxide and stored in 
liquid nitrogen until flow cytometric analysis. 

Monoclonal Antibodies 

A mixture of anti-keratin mAbs was composed for stain- 
ing the epithelial fraction of dispersed cervical carcinomas 
(Table 1). Clones 80, 6B10, M20, M9, and V9 (producing 
mAbs directed against keratin [pan-keratin marker] , kera- 
tin 4, keratin 8, keratin 18, and vimentin, respectively) 
were established at the Department of Pathology, Leiden 
University Medical Center, The Netherlands (18,19). Hy- 
bridoma cells were cultured and maintained in standard 
medium. The culture supernatants, diluted 1:5, were used 
for staining. Clones MNF116, DE-K10, OV-TL 12/30, and 
BA17 were kindly provided by DAKO A/S (Glostrup, Den- 
mark). Clone KS-1A3 was obtained from Sigma Diagnos- 
tics. Clones AE1 and AE3 were obtained premixed from 
Boehringer Diagnostica (Mannheim, Germany). Centocor 
Europe (Leiden, The Netherlands) kindly provided clone 
323/A3, directed against Ep-CAM as the purified antibody. 
Ail dilutions were made in PBS containing 1% BSA (Sigma 
Diagnostics). 

Four-Color Immunofluorescent Staining 

Tumor cells were thawed, washed twice with cold PBA, 
and stained for surface antigens as follows. One million 
cells were incubated for 30 min on ice with 100 u,l of 
diluted mAbs. Cells were then washed twice with 1.0 ml 
cold PBA (500#, 5 min, 4°C). After washing, cells were 
incubated for 30 min on ice with 100 u.1 of a biotinylated 
rabbit anti-mouse Ig polyclonal secondary reagent 
(DAKO) diluted 1:100. Cells were washed twice, followed 
by an incubation with 100 uJ of Streptavidin-APC, diluted 
1:200 (Molecular Probes). After 30 min on ice, cells were 
washed twice with 1.0 ml of cold PBS alone. Cells were 
subsequently fixed and permeabilized, as described 
above, using 1.0 % paraformaldehyde (Merck) containing 



Fto. 4. Measurement of epithelial cell-adhesion molecule (Ep-CAM) 
expression (allophycocyanin, APC) of a freshly isolated cervical carci- 
noma cell suspension containing normal stromal cells and cancer cells. 
A-Ct Levels of background fluorescence from goat anti-mouse controls 
(sec Materials and Methods). A: FL1 ( green fluorescence, versus FL2, 
orange fluorescence. B: FL1, green fluorescence, versus FL4, red fluores- 
cence. C: FL2, orange fluorescence, versus FL4, red fluorescence. Tumor 
subpopulations can be clearly Identified based on cell lineage-specific 
protein expression. D: Vlmentln (FL1, fluorcscein-isothlocyanate [FTTC]) 
versus keratin (FL2, R-phycoerythrin (RPEJ). E: Vlmentln (FL1, FTTC) 
versus Ep-CAM (FL4, APQ. F: Keratin (FL2, RPE) versus Ep-CAM (FL4, 
APQ. G: Note that the vlmentin-positive, keratin-negative cells arc re- 
stricted to the DNA diploid fraction. H: Keratin-positive, vimentin-ncga- 
tlve cells can be clearly identified In the DNA diploid and in the DNA 
aneuploid fraction after gating on the keratin-positive fraction, h The 
Ep-CAM expression (FM, APQ of the kcratln-posltlve DNA aneuploid 
fraction (J) Is higher than the Ep-CAM expression of the keratin-positive 
DNA diploid fraction (K). L: DNA histogram of the total population. 
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160 p,g/mi of lysolecithin (Sigma). After 5 min on ice, 1.0 
ml PBA was added. Ceils were spun down at 500g for 5 
min. Cells were then incubated for 30 min on ice with 125 
(xl of a mixture composed of anti-keratin mAbs 0&G1; 
Table 1) and anti-vimentin mAbs 0gG2b). After incuba- 
tion, cells were washed twice with cold PBA and incu- 
bated with 100 |il of a mixture composed of goat F(ab') 2 
anti-mouse IgGl-RPE and goat F(ab , ) 2 anti-mouse IgG2b- 
FITC polyclonal antibodies, both diluted 1:200 in PBA 
(Southern Biotechnology Associates, Birmingham, AL). 
DNA was stained by using 100 u,M PI, as described above. 

Flow Cytometry 

For each measurement, data from 10,000-20,000 
events were collected with a standard FACSCalibur (Bec- 
ton Dickinson Immunocytometry Systems, San Jose, CA) 
flow cytometer, equipped with a 15-mW argon-ion laser 
(488 nm) and 12-mW diode laser (635 nm). FITC (FL1 , BP 
530/30 nm), RPE (FL2, BP 585/42 nm), and APC fluores- 
cence (FL4, BP 661/16 nm) measurements were collected 
in the logarithmic mode. PI and TP3 fluorescence mea- 
surements were collected in the linear mode by using a 
670-nm LP filter (FI3) and the 661/16 BP filter (FL4), 
respectively. 

A standard equipped FACSCalibur does not allow the 
simultaneous use of the FL3-A versus FL3-W pulse proces- 
sor in combination with APC fluorescence measurements. 
Therefore, FACSCalibur hardware was modified to allow 
the use of the FL3-A versus FL3-W pulse processor in 
combination with FITC, RPE, and APC fluorescence mea- 
surements. A detailed description is given in the Appendix 
(Fig. 8). 

Data were analyzed with WinList 3.0 and ModFit 5.2 
software (Verity Software House, Inc., Topsham, ME). 
N-color compensation was used for postacquisltion spec- 
tral cross-talk correction. 

RESULTS 

Effect of PI and TP3 Concentrations on CVs 

DNA histogram resolution was compared between 
three cell lines stained with a range of different PI or TP3 
concentrations, respectively. 

Nonstimulated human PBLs and proliferating HeLa (40% 
S phase) and SiHa (10% S phase) cervical carcinoma cells 
were stained in triplicate. Figure 1 shows the average CVs. 
For all three cell lines, the lowest CVs were obtained 
when using PI. Optimal PI concentrations were 50-100 
u,M for HeLa and SiHa cells; for PBL, the optimal concen- 
tration was 100-400 u,M. 

For TP3, the CVs of HeLa and SiHa cells appeared to be 
less dependent on the dye concentration. The optimal dye 
concentration was 0.25-2.0 u.M. A narrow optimal con- 
centration range was found for PBL. CVs obtained at 
optimal PI concentrations were significantly lower than 
those obtained at optimal TP3 concentrations. The com- 
plete experiment was repeated once, producing similar 
results. 
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Optimization of Keratin Staining of 
Cervical Cancers 

Figure 2 shows a DNA aneuploid tumor with a DI of 
1.55. A majority of the DNA aneuploid cells Is positive for 
keratin compared with the control. However, DNA aneu- 
ploid cells with a low or negative keratin expression can 
also be observed. This was also found for other cervical 
carcinomas stained with the same combination. Thus, 
experiments were performed to optimize the staining of 
epithelial cells by mAbs directed against various types of 
keratins. Figure 3 shows a cervical carcinoma with a 
minor DNA aneuploid fraction. Epithelial cells can be 
identified by several mAbs directed against keratin sub- 
types 7, 8, 13, 18, and 19 (Fig. SQD^G.H, respectively). 
Monoclonal antibody KS-1A3, directed against keratin 13, 
produced the best results when compared with the other 
keratin-subtype-specific mAbs (Fig. 3F). However, the 
highest fluorescence signal, as estimated by the ratio be- 
tween positive and negative stained cells, and the highest 
percentage of keratin-positive cells (10.3%) were obtained 
with a mixture of anti-keratin mAbs (Table 1, Fig. 3L). 
Single mAbs with broad keratin specificity (CL80, AE1/ 
AE3, and MNF116; Fig. 3I-K) produced less satisfactorily 
results. Cells expressing keratin 4 (6B10) or keratin 10 
(DE-K10) were not detected in this case (Fig. 3B,E ( respec- 
tively). Therefore, die mixture of anti-keratin mAbs was 
used for all further experiments. 

Four-Color Multiparameter DNA FCM to Study 
Phenotypic Intratumor 

Sample 1 is from a cervical carcinoma showing one 
DNA aneuploid stem line with a DI of 1.22 (Fig. 4L). Two 
cell populations from different cell lineages can be clearly 
identified on the basis of vimentin expression (mesenchy- 
mal cells, FL1 parameter, FITC fluorescence) and keratin 
expression (epithelial cells, FL2 parameter, RPE fluores- 
cence; Fig. 4D) compared with the corresponding control 
(Fig. 4A). The vimentin-positive cells are completely re- 
stricted to the DNA diploid fraction (Fig. 4G). This allows 
the use of the vimentin-positive, keratin-negative fraction 



Fin. 5. Second example of a cervical carcinoma stained for epithelial 
cell-adhesion molecule (Ep-CAM) expression analyzed by four-color mul- 
tiparameter DNA flow cytometry. A-G Levels of background fluores- 
cence from goat ami-mouse controls (see Materials and Methods). A: FL1, 
green fluorescence, versus FL2, orange fluorescence. B: FL1, green fluo- 
rescence, versus FL4, red fluorescence. C: FL2, orange fluorescence, 
versus FL4, red fluorescence. Tumor subpopulations can be clearly iden- 
tified based on cell lineage-specific protein expression. D: Vimentin (Fil , 
fluoresceln-isothiocyanate [FITC]) versus keratin (FL2, R-phycoerythrin 
[RPE]). E: Vimentin (FL1, FITC) versus Ep-CAM (FL4. allophycocyanln 
[APC]). Fi Keratin (FL2, RPE) versus Ep-CAM (FL4, APQ. G: Vimentin- 
positive. keratin-negative cells are restricted to the DNA diploid fraction. 
H: Keratin-positive, vlmenttn-negative celts can be clearly identified in the 
DNA diploid and In the DNA aneuploid fraction after gating on the 
keratin-positive fraction. Note that the level of keratin expression of the 
DNA diploid keratin-posillve ceils is higher than thai of the DNA aneu- 
ploid keratin-positive cells. Ii The DNA diploid keratln-posltlve fraction 
shows two subpopulations differing in Ep-CAM expression (FL4, APC; J). 
Kj The majority of cells of the DNA aneuploid kcratln-positive fraction has 
a high Ep-CAM expression. D DNA histogram of the total population. 
Note the high resolution of this DNA histogram. 



(mesenchymal cells) as patient-specific intrinsic DNA dip- 
loid reference cells. 

The keratin-positive cells are also positive for Ep-CAM, 
as shown by Figure 4E,F, compared with the correspond- 
ing control (Fig. 4B,C). In contrast to the vimentin-positive 
fraction, keratin-positive cells can be identified in the DNA 
aneuploid fraction and the DNA diploid fraction (Fig. 4H). 
The Ep-CAM expression of the DNA aneuploid keratin- 
positive fraction is higher than that of the keratin-positive 
DNA diploid fraction (Fig, 41). The majority of the vimen- 
tin-positive cells is also weakly positive for Ep-CAM but at a 
much lower level than the keratin-positive fraction (Fig. 4E). 

Sample 2 (Fig. 5) shows a clear DNA aneuploid stem 
line, with a DI of 2.08. The staining of three cellular 
proteins is compatible with low CVs (DNA diploid = 2.24 
and DNA aneuploid = 2.62; Fig. 5L). Keratin expression 
and vimentin expression readily identifies the epithelial 
and mesenchymal cell populations (Fig. 5D) as opposed to 
the corresponding control (Fig. 5A). Keratin-positive cells 
clearly express Ep-CAM protein molecules on the cell 
surface (Fig. 5E). Strikingly, DNA diploid cells can be 
identified with a higher keratin expression compared with 
that of the DNA aneuploid fraction (Fig. 5H). Two sub- 
populations can be distinguished within this keratin-pos- 
itive DNA diploid fraction, which differ markedly in Ep- 
CAM expression (intra-DNA stem line heterogeneity; Fig. 
5IJ, see arrows). The Ep-CAM expression of the keratin- 
positive DNA aneuploid fraction shows a more continuos 
variation (Fig. 5K). 

Furthermore, heterogeneity of Ep-CAM expression was 
studied in two additional DNA aneuploid cervical cancers 
(samples 3 and 4). Figure 6 shows the inter-DNA stem line 
heterogeneity of Ep-CAM expression found in sample 3. 
One major (Al, DI = 1.15) and one minor (A2, DI = 1.28) 
DNA aneuploid stem line can be identified (Fig, 6C,F) as 
positive for Ep-CAM as opposed to the control (Fig. 6B). 
The second DNA aneuploid stem line (A2) shows a rela- 
tively higher expression of Ep-CAM than the first DNA 
aneuploid stem line (Al; Fig. 6E). 

Figure 7 shows (sample 4) a second example of intra- 
DNA stem line heterogeneity of Ep-CAM expression. Two 
populations can be identified in the keratin-positive DNA 
aneuploid fraction (DI = 1.47; Fig. 7D,E): one population 
being clearly positive for Ep-CAM and one negative for 
Ep-Cam, with a relative fluorescence intensity similar to 
that of the control (Fig. 7A,B). Samples 3 and 4 were also 
simultaneously stained for vimentin. Results were compa- 
rable to the results obtained with samples 1 and 2 (data 
not shown). 

DISCUSSION 

We have demonstrated the potentialities of a newly 
developed four-colour staining procedure for the flow 
cytometric detection of tumor cell subpopulations in pri- 
mary cervical carcinomas. Our results show that the si- 
multaneous measurement of three different cellular pro- 
teins Is compatible with high-resolution DNA ploidy 
measurements. The availability of DNA content as a fourth 
parameter proved to be essential for discriminating tumor 
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SAMPLE 3: KERATIN POSITIVE FRACTION 




Fig. 6. Intcr-DNA stem line heterogeneity of epithelial cell-adhesion molecule (Ep-CAM) expression analyzed by four-color multiparameter DNA (low 
cytometry (sample 3). A-B: Level of background fluorescence of the keratin-positive fraction. Note the two closely related DNA aneuplold stem lines with 
comparable background fluorescence (FI^). Ci DNA histogram of the total population. D-Ei Relative Ep-CAM expression of the total keratln-posltive DNA 
aneuplold fraction. The second DNA aneuplold stem line (A2) has a higher Ep-CAM expression than the first DNA aneuplold fraction (Al). This tumor 
subpopulatlon cannot be identified in the single-parameter distribution of Ep-CAM expression (D), F: DNA histogram of the keratin-positive fraction. Cells 
were simultaneously stained for vimcntln (fluorcscein-isothlocyanatc fluorescence, data not shown). 



cell subpopulations that would have not have been iden- 
tified on the basis of protein expression alone. Previously 
we showed that optimal DNA histogram resolution could 
be obtained by using a mixture of PI and TP3 as DNA 
stains (7). However, this combined use of PI and TP3 is 
not possible on a blue- red dual-laser flow cytometer re- 
quired for four-color DNA-protein analysis. Although TP3 
shows minimal spectral cross-talk into green (FL1), orange 
(FL2), and deep red (FL3) fluorescence detectors, we 
found that use of PI resulted in superior DNA histogram 
resolution. A similar difference in DNA histogram resolu- 
tion between PI and TP3 was observed by Hirons et al. (8) 
using ethanol-fixed cells. This result may be due to steric 
properties of TP3» which hinder DNA binding, and the 
amount of bound dye may be sensitive to small differences 
in chromatin compactness. We found that the use of a 
mixture of antl-keratin mAbs with a broad anti-keratin 
specificity is superior in labeling the epithelial fraction of 
dispersed cervical carcinomas. This was in contrast to 
pan-keratin mAbs or the single use of chain-specific anti- 
keratin mAbs (Table 1), which failed to stain the entire 
epithelial cell fraction of cervical carcinomas. Pilot studies 
clearly demonstrated that the so-called pan-keratin mark- 
ers, mAbs with a broad specificity for keratin as studied by 
immunohistochemistry and immunoblotting, were not 
able to label the complete epithelial fraction of cell sus- 



pensions obtained from dispersed cervical carcinomas 
(Figs. 2, 3). This could be clearly demonstrated with DNA 
aneuplold tumors stained for keratin using CL80. The DNA 
aneuploid fraction showed a very broad distribution of 
keratin fluorescence intensities levels (Fig. 2) with lowest 
signals comparable to those from negative controls. Single 
use of mAb MNF116, specific for keratins 5, 6, 8, 17, and 
probably 19, also failed in labeling the complete epithelial 
fraction of most tumors evaluated. The inability to stain all 
epithelial cells by these pan-keratin markers is probably 
caused by the complex and heterogeneous keratin expres- 
sion patterns in different types of cervical carcinomas 
(12). Furthermore, differences in the accessibility of ker- 
atin epitopes between immunohistochemistry and flow 
cytometry could play a role. For immunohistochemistry, 
tissue sections are prepared in such a way that interme- 
diate filaments are easily accessible for mAbs. 

Multiparameter FCM requires intact cells. We applied a 
short fixation/permeabilization procedure using 1.0% 
paraformaldehyde and lysoleclthin (1). Keratin filaments 
are probably present in their native form after fixation and 
permeabilization, thereby masking certain epitopes essen- 
tial for immunorecognition. The use of 100% methanol 
instead of paraformaldehyde/lysolecithin did not result in 
an increase of the percentage of keratin-positive cells 
(data not shown). Others have used a mAb solely directed 
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SAMPLE 4: KERATIN POSITIVE FRACTION 
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Fig. 7. Intra-DNA stem line heterogeneity of epithelial cell-adhesion molecule (Ep-CAM) expression analyzed by four-color multiparameter DNA flow 
cytometry. A-B: Level of background fluorescence of die keratin-posiUve (DNA aneuploid) fraction. C: DNA histogram of the total population. D-E: 
Relative Ep-CAM expression of the total keratin-positive DNA aneuploid fraction. Note that the DNAaneupIold can be subdivided into an Ep-CAM-positive 
and an Ep-CAM-ncgativc population. F; DNA histogram of the keratln-posltlvc fraction. Cells were also stained for vimentln (data not shown). 



against keratins 5, 6, and 18 to stain the epithelial fraction 
of cervical carcinomas (20). In one case only, 50% of the 
epithelial cells were stained using this mAb, which was 
confirmed by FCM. These findings are in contrast to our 
observations. Part of this discrepancy may be explained by 
the use of the secondary reagent in combination with high 
concentrations of PI (100 u,M). We used an RPE-conju- 
gated secondary reagent instead of an FITC-conjugated 
reagent. Detection threshold of RPE fluorescence in the 
presence of PI is elevated compared with the simulta- 
neous use of FITC and PI (1). This hinders a good discrim- 
ination between dimly keratin-positive cells and keratin- 
negative cells. 

DNA aneuploid cells were clearly positive for keratin 
after applying the mixture of anti-keratin mAbs (Table 1) 
to the samples in all other cases. This also allowed a good 
separation between DNA diploid keratin-positive cells and 
DNA diploid keratin-negative cells. Remarkably* in the 
second case (Fig. 5), the keratin expression of DNA dip- 
loid keratin-positive cells was more intense than that of 
the DNA aneuploid cells. This observation may indicate 
differentiation differences between DNA diploid keratin- 
positive cells and DNA aneuploid keratin-positive cells 
within the same tumor. These findings are supported by 
differences in Ep-CAM expression between DNA diploid 
keratin-positive cells and DNA aneuploid keratin-positive 
cells or inter-DNA aneuploid keratin-positive stem lines 



(Fig. 6). It has been shown that increased Ep-CAM expres- 
sion is associated with proliferation (15). Strikingly, the 
DNA diploid keratin-positive fraction of die second case 
also showed two minor subpopulations clearly varying in 
Ep-CAM expression. Intra-DNA stem line heterogeneity 
was also observed for another DNA aneuploid tumor (Fig. 
7). 

These examples demonstrate the potentials of multipa- 
rameter DNA FCM for studying intratumor heterogeneity 
at the phenotyplc level. Furthermore, by using anti-vimen- 
tin mAbs, which are directed against intermediate fila- 
ments present in cells from a mesenchymal origin, we 
were able to identify the DNA diploid fraction of these 
carcinomas. Keratin-negative, vimentin-posltive cells were 
restricted to the DNA diploid fraction. Thus, the use of 
anti-vtmenun mAbs might be an alternative for the more 
widely accepted anti-CD45 mAbs to identify normal leu- 
kocytes that can serve as a patient-specific intrinsic DNA 
reference (21). The use of anti-vimentin mAbs has another 
advantage in that cross-reactivity of mAbs directed against 
epithelial-associated protein molecules with cells from a 
nonepithelial origin can be monitored. Some vimentin- 
positive cells exhibit Ep-CAM reactivity, a known feature 
of this mAb when applied for FCM (S.O. Warnaar, per- 
sonal communication). Even for carcinomas expressing 
vimentin, the vimentin-positive, keratin-negative cell frac- 
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tion can be used for identification of the DNA diploid 
reference peak. 

A limiting factor for these kinds of studies is the paucity 
of directly conjugated high-quality mAbs suitable for mul- 
tiparameter FCM studies of human solid tumors. This 
greatly limits multiparameter FCM of human solid tumors 
because staining for multiple cellular proteins requires 
selection of mAbs differing in IgG subclass. Furthermore, 
anti-mouse IgG subclass-specific secondary reagents must 
be used, and these reagents must be IgG subclass specific. 
Nonetheless, we could use an anti-mouse Ig biotinylated 
secondary reagent for cell surface staining before fixation 
and permeabilization; at the same time, Intermediate fila- 
ments keratin and vimentin were stained after fixation and 
permeabilization using mAbs differing in IgG subclass and 
applying subclass-specific secondary reagents. No signifi- 
cant cross-reactivity was observed when using proper 
controls. The use of paraformaldehyde, a known protein 
cross-linker, probably inactivates the remaining binding 
sites of this anti-mouse Ig secondary reagent. This anti- 
mouse Ig reagent does not bind newly added mAbs after 
fixation and permeabilization for staining intermediate 
filaments. 

We have demonstrated that three different cellular pro- 
teins in combination with high-resolution DNA FCM can 
be simultaneously analyzed using the FACSCaiibur bench- 
top flow cytometer. By this technique, we were able to 
identify neoplastic subpopulations based on protein ex- 
pression and DNA content. The vimen tin-positive, keratin- 
negative cell fraction could be used as a patient-specific 



DNA diploid intrinsic reference. Flow sorting of tumor 
subpopulations based on protein expression and DNA 
content in combination with molecular biology may fur- 
ther elucidate possible genetic mechanisms underlying 
Intratumor heterogeneity (4,5). 
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APPENDIX 

The FACSCalibur hood is opened, and the following 
wires are disconnected from the main boards (Fig. 8): 
(step 1) disconnect "Comp FL3 in J-200" of main board J4, 
(step 2) disconnect H ADC Width" of main board J5, (step 
3) disconnect "Width" of main board J10, (step 4) discon- 
nect "FL4-H" of main board J10 and connect it to "Comp 
FL3 in J-200" of main board J4, and connect the "Width" of 
main board J10 (step 5) with a new electrical wire to the 
"ADC Width" of main board J5 (step 6). Switch off the red 
diode laser to change the FL3-W gain (P7). FL3-W instru- 
ment settings will be maintained if the red diode laser is 
turned on again but P7 (FL3-W) is inactive (gray) in the 
"Detectors/Amps" window. Note that the detectors of P5 
and P7 have been interchanged (P5 = FL4 and P7 = FL3). 
The modes of P5 and P7, in the "Detectors/Amps" win- 
dow, must be "Log" and "Lin," and the P5 and P7 param- 
eter labels must be changed into FL4-H and FL3-W, respec- 
tively. 



Peripheral Blood CD34+ Cells Differ From Bone Marrow CD34 + Cells in 
Thy-1 Expression and Cell Cycle Status in Nonhuman Primates Mobilized or 
Not Mobilized With Granulocyte Colony-Stimulating Factor 
and/or Stem Cell Factor 

By R.E. Donahue, M.R. Kirby, M.E. Metzger, B.A. Agricola, S.E. Sellers, and H.M. Cullis 



Granulocyte colony-stimulating factor (G-CSF) and stem cell 
factor (SCF) have been shown to stimulate the circulation of 
hematopoietic progenitor cells in both mice and nonhuman 
primates. We evaluated the Immunophenotype and cell cy- 
cle status of CD34+ cells isolated from the bone marrow (BM) 
and leukapheresis product of cytokine-mobilized nonhuman 
primates. CD34* cells were isolated from rhesus macaques 
that had received no cytokine therapy, 100 ng/kqfd G-CSF, 
200 pg/kg/d SCF, or a combination of both 100 /xglkgld G- 
CSF and 200 fig /kg/ 6 SCF as a subcutaneous injection for 5 
days. BM was aspirated before (day 0) and on the last day 
(day 5) of cytokine administration. On days 4 and 5, periph- 
eral blood (PB) mononuclear cells were collected using a 
novel method of leukapheresis. Threefold more PB mononu- 
clear cells were collected from animals receiving G-CSF 
alone or G-CSF and SCF than from animals that had received 
either SCF alone or no cytokine therapy. CD34+ cells were 
positively selected using an immunoadsorptive system from 
the BM, PB, and/or leukapheresis product. Threefold and 10- 
fold more CD34+ cells were isolated from the leukapheresis 
product of animals receiving G-CSF or G-CSF and SCF r re- 
spectively, than from animals receiving no cytokine therapy 

THE IDE! r FICATION AND characterization of 
CD34 + hematopoietic stem cells from peripheral blood 
(PB) and bone marrow (BM) is of both clinical and biologi- 
cal interest. Initially identified by a monoclonal antibody 
(MoAb) raised against a human erythroleukernia cell line, 
KG- la,' CD34 has been identified as a ligand for L-selectin 2 
and has been found to be expressed by vascular endothelium 3 
and virtually all hematopoietic progenitor cells detected by 
in vitro assays. 4 Antibodies that recognize CD34 have fre- 
quently been used for hematopoietic stem cell enrichment. 
Approximately 0.2% of normal PB mononuclear cells 
(PBMNCs) and 1% to 4% of human BM cells express 
CD34. 5 With chemotherapy and/or hematopoietic growth 
factor mobilization, the number of circulating CD34 + cells 
increases. The percentage of CD34+ cells in the leukapher- 
esis product of patients receiving chemotherapy alone, the 
cytokine granulocyte colony-stimulating factor (G-CSF) 
alone, or the combination of chemotherapy and G-CSF is 
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or SCF alone. The isolated CD34+ cells were immunopheno- 
typed using CD34-atlophycocyanin, CD38-fluorescein iso- 
thiocyanate, and Thy-1 -phycoerythrin. These cells were 
later stained with 4',6-diamidino-2-phenylindolefor simulta- 
neous DNA analysis and immunophenotyping. BM-derived 
CD34+ cells did not differ significantly in cell cycle status and 
Thy-1 or CD38 phenotype before or after G-CSF and/or SCF 
administration. Similarly, CD34* cells isolated from the leu- 
kapheresis product did not differ significantly in immuno- 
phenotype or cell cycle status before or after G-CSF and/or 
SCF administration. However, there were consistent differ- 
ences in both immunophenotype and cell cycle status be- 
tween BM- and PB-derived CD34+ cells. CD34+ cells isolated 
from the PB consistently had a smaller percentage of cells 
in the S+G2/M phase of the cell cycle and had a higher 
percentage of cells expressing Thy-1 than did CD34* cells 
isolated from the BM. A greater proportion of PB-derived 
CD34* cells were in the S+G2/M phase of the cell cycle after 
culture in media supplemented with interleukin-6 and SCF. 
However, culturing decreased the proportion of CD34* cells 
expressing Thy-1. 

© 7996 by The American Society of Hematology. 

approximately 0.6%, 0.4%, and 2%, respectively . 6,7 Investi- 
gators have shown that hematopoietic growth factors, such as 
interleukin-3 (DL-3), G-CSF, granulocyte/macrophage CSF, 1 
and stem cell factor (SCF) can effectively increase the abso- 
lute number of circulating progenitor and CD34* cells. 8 ' 17 
This increase in circulating CD34 + cell number has allowed 
clinicians to obtain sufficient quantities of CD34 + cells from 
the PB of mobilized donors so as to be able to perform 
transplants. Mobilized PB cells in human patients have 
proven quite effective in accelerating reconstitution after my- 
eioablative therapies.** 11 Cytokine-mobilized PB cells have 
also been capable of contributing to the hematopoietic recon- 
stitution of myeloablated mice, 12 ' 14 dogs, 13 and primates. 1617 
The combination of G-CSF and SCF has proven to be quite 
effective in mobilizing PB progenitor cells capable of has- 
tening engraftment of irradiated animals. 12 * 17 The combina- 
tion of G-CSF and SCF was superior to G-CSF alone in 
mobilizing PB progenitor cells and reconstituting baboons 
treated with a single dose of 1,070 cGy total body irradia- 
tion.' 7 

Multiparameter flow cytometry and cell cycle analysis has 
shown that human CD34 + cells can be subdivided into a 
number of distinct cell populations. 18 Two cell surface anti- 
gens that have been used to subdivide CD34* cells have 
been CD38 and Thy-1. Human cells that express CD34, but 
not CD38, appear to give rise to primitive hematopoietic 
colonies that can be replated up to five sequential genera- 
tions. 19 Similarly, human CD34"** cells that coexpress Thy-1 
have been shown in vitro to initiate long-term hematopoie- 
sis. 20 In preclinical studies, human fetal CD34 + Thy-1 + BM 
cells have been shown to engraft human thymus transplanted 
in severe combined immunodeficiency (SCID) mice. 21 In 
addition, CD34 + Thy-1 + cells from human umbilical cord 
blood have been shown to have functional properties of prim- 
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itive hematopoietic progenitor cells, 22 and CD34 + Thy- 
rLin" isolated from the PB of cancer patients mobilized 
after chemotherapy plus granulocyte-macrophage CSF or G- 
CSF possess long-term hematopoietic activity both in vitro 
(using a 7-week cobblestone area-forming assay) and in vivo 
(using a SCID-hu mouse model). 23 CD38 appears to function 
as an adenosine 5 '-diphosphate ribosyl cyclase, 24 whereas 
the function of Thy- 1 remains unknown. 20 It has been specu- 
lated that Thy-1 may mediate a negative signal that results 
in the inhibition of primitive cell proliferation. 20 The expres- 
sion of Thy-1 and CD38 on rhesus macaque CD34+ cells 
has not been well characterized, although the cross-reactivity 
of some MoAbs directed against human antigens has been 
evaluated in nonhuman primates. 

There is an interest in determining the in vitro and in vivo 
cell cycle status of subpopulations of CD34 + cells isolated 
from the BM and PB to improve our ability to expand quies- 
cent hematopoietic stem cells and use viral vectors that re- 
quire cell cycling for viral integration. Recently, cell cycle 
differences have been identified in BM CD34 + subsets. The 
CD34 + CD38hi subset appeared to have had more cells in 
the S and G2/M than did the CD34 + CD381o subset 23 After 
2 days in cytokine-supplemented culture, the CD34 + CD381o 
cells showed increased numbers of cells in the S and G2/M 
phases. 25 In another study, the combination of IL-3 and SCF 
was found to increase the percentage of BM-isolated CD34 + 
cells to enter cycle. 26 Because nonhuman primates have been 
used to evaluate cytokine, transplantation, and gene therapy 
protocols before human clinical trials, we were interested in 
examining the immunophenotype and cell cycle status of 
BM and PB CD34 + cells derived from rhesus macaques that 
were either mobilized or not mobilized with high doses of 
G-CSF and/or SCF. 

MATERIALS AND METHODS 
Animals, The young adult rhesus macaques {Macaco mulatto) 
that were used in these studies were serologically negative for simian 
T-cell lymphotrophic virus, simian immunodeficiency virus, and 
simian AIDS-related type D vims. Animals with Wood type B were 
selected and had an indwelling central catheter established. Experi- 
mental animals were quarantined and housed in accordance with the 
guidelines set by the Committee on Care and Use of Laboratory 
Animals of the Institute of Laboratory Animal Resources, National 
Research Council (Committee on Care and Use of Laboratory Ani- 
mals, DHHS Public #NTH85-23, Revised 1985) and the policies set 
by the Veterinary Research Program of the National Institutes of 
Health (NIH; Bethesda, MD). The protocols evaluated were ap- 
proved by the Animal Care and Use Committee of the National 
Heart, Lung, and Blood Institute. 

Cytokine administration. Rhesus macaques received no cyto- 
kines, 100 ug/kg/d recombinant human G-CSF, 200 /ig/kg/d recom- 
binant human pegylated SCF, or a combination of both 100 ug/kg/d 
G-CSF and 200 ug/kg/d SCF (all provided by Aragen, Inc, Thousand 
Oaks, CA) as a subcutaneous injection for 5 days. Growth factor 
doses were based on previous studies. 1 W7 Purified material was 
stored at 4°C until used. All cytokines for this study were pyrogen- 
free. 

Rhesus teukapheresis procedure. To collect PBMNCs by leu- 
kapheresis from donors weighing less than 5 kg, modifications were 
made to the fluid path of a CS3000 Plus Blood Cell Separator 
(Baxter Healthcare Corp. Fenwal Division, Deerfield IL) to lower 



the extracorporeal volume requirement to 132 mL (see Fig I). Col- 
lection was accomplished using a small S25A separation chamber 
and a shunt chamber (Fenwal no. 710700027) in the place of a 
collection chamber. A standard apheresis kit (Fenwal no. 4R2210) 
was installed in the CS3000. After autoprime, the roller clamps to 
the acid citrate dextrose-NIH formulation (ACD-A), saline, and vent 
prime lines were closed to prevent hemodiluting the donor when 
using halt/irrigate. The return line was modified by tighdy rolling 
and taping a 150-mL transfer pack (Fenwal no. 4R2001) and sterile- 
docking a male luer to the shortened outlet line. A blood component 
recipient set with a 170-/im filter and drip chamber (Fenwal no. 
4C2100) was spiked into the modified 150-mL transfer pack and 
connected to the packed red blood cell line using a needle lock 
device (Fenwal no. 2C7831). The blood component recipient set 
was connected to a 20- to 18-gauge Angiocath placed in the saphe- 
nous vein of the donor. Hemostats were placed both on the standard, 
unused, return line and the inlet for the ACD line present on the 
draw line. The apheresis kit was primed with autologous blood that 
had been collected in citrate phosphate dextrose plus adsol 2 to 3 
weeks before the leukapheresis procedure. The donor received a 
dose of 100 U/kg heparin immediately before the procedure. The 
inlet line was connected to an indwelling 6.6 French catheter placed 
in the right atrium of the heart Blood was processed at the rate of 
12 mUrnin in automatic mode for a total of 2.5 times the animal's 
calculated blood volume. At the completion of the procedure, the 
product was collected and 5 mL of ACD was added. The remaining 
cells were salvaged and either were used to prime the CS3000 for 
future leukapheresis procedures or were directly reinfused into the 
animal. PBMNCs were collected by leukapheresis on day 4 and day 
5 of cytokine administration. These days were selected based on 
evidence in rhesus macaques (data not shown) and in baboons' 6 that 
circulating progenitor numbers had increased by these time points. 
The number of PBMNCs processed during the leukapheresis proce- 
dure was calculated by averaging the number of mononuclear cells 
in the complete blood cell count of samples taken immediately be- 
fore, in the middle of, and at the end of the leukapheresis procedure, 
and then multiplying this average by the volume of blood processed.' 
Cell counts were performed on a Coulter Model S5 electronic cell 
counter (Hialeah, FL) or on a Cell-Dyn3500 automated hematology 
analyzer (Abbott Laboratories, Abbott Park, IL). The number of 
PBMNCs processed for each cytokine mobilization group was evalu- 
ated, and the mean and standard error of the mean (SEM) was then 
determined. The number of PBMNCs collected as the product was 
based on the complete blood cell count of the leukapheresis product 
multiplied by the total percentage of lymphocytes and monocytes 
within the product and the volume of the leukapheresis product. The 
PBMNCs for each cytokine mobilization group was evaluated, and 
the mean and standard of deviation (SD) was then determined. The 
PBMNCs collected from the leukapheresis products on day 4 and 
day 5 were processed and analyzed as independent samples. 

BM collection. Before the administration of hematopoietic 
growth factors (day 0), 30 mL of heparinized BM was surgically 
harvested from one femur. Additional BM was harvested immedi- 
ately before the second leukapheresis procedure (day 5) from the 
alternate femur. After BM harvest, the animal received a course of 
buprenorphine (0.1 to 0.3 mg/kg intramuscularly) for 3 days to alle- 
viate any bone pain that may have been associated with the harvest. 

Immunoselection ofCD34+ cells. CD34* cells from the BM and 
PB leukapheresis product were recovered by positive immunoselec- 
tion using the Ceprate LC-34-Biotin Kit (CellPro, Inc) according to 
the manufacturers instructions. An accurate determination of CD34 + 
cell yield after immunoselection was not determined, in part, because 
of the rarity of CD34 + cells in both the BM and leukapheresis 
product. No apparent difference was observed when comparing the 
immunophenotype of immunoselected CD34+ cells and CD34* cells 
that were analyzed from the original blood sample. Cytospin prepare- 
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Fig 1. A diagram of the rhe- 
sus apheresis procadura is 
shown. Red denotes the red 
blood cell pathway; yellow, the 
pathway of plasma; and blue, 
the area where tha leufcapher- 
esis product was collected. 



tions of the cells were prepared to document cellular morphology. 
Separate immunoselections were performed on each leukapheresis 
product collected on day 4 and day 5. The CD34 + cells collected 
on each day were stained and analyzed independently. 

Culture of immunoselected CD34+ cells. CD34 + cells were im- 
munoselected from the leukapheresis product of animals mobilized 
with SCF and G-CSF and were cultured in suspension for 3.5 days 
in Dulbecco's modified Eagle's medium (Biofluids, Rockville, MD) 
plus 15% fetal calf serum (Hyclone Laboratories, Inc, Logan, UT) 
supplemented with 50 ng/mL of IL-6 and 100 ng/mL of SCF (both 
cytokines provided by Amgen, Inc). 



Immunophenotyping of CD34 cells from BM and PB. The BM 
and PB leukapheresis CD34 + cells that were positively selected 
using the CellPro immunoadsorption system were immunopheno- 
typed with CD34-allophycocyanin (APC) to evaluate CD34 purity 
and were also immunophenotyped with CD38-fluorescein iso- 
thiocyanate (FTTC) and Thy-l-phycoerythrin (PE) to identify 
CD34+CD38 and CD34<Thy-l subpopulations. The CD34 MoAb 
used (clone 563) was a gift from Dr G. Gaudemack (Institution of 
Transplantation Immunology, Rikshospitalet, The National Hospital, 
Oslo, Norway). Clone 563 is a murine IgGl that recognizes a differ- 
ent CD34 epitope from that of the CellPro CD34 MoAb clone (clone 
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Fig 2. (A) Cytokine mobilization of WBC Into PB. The average (SO) circulating WBC/pL of Mood from animals that had received a 4- and 
5-day subcutaneous course of either no cytokines (n = 6), 200 u.g/kg/d SCF (n = 6}, 100 /ig/kg/d of G-CSF (n - 6) r or the combination of SCF 
and G-CSF <n » 11) before teukapherests. (B) Total number of mononuclear celts processed and collected from PB by leukapheresls. The 
average (SEM) number of mononuclear cans processed through the CS3000 Pius Cell Separator and the average <SD) number (SO) of PBMNCs 
collected in the leukapheresis product from animals that received either no cytokines (n - 6), SCF {n « 6), G-CSF (n ° 6), or the combination 
of SCF and G-CSF {n - 11). (C) Absolute number of CD34+ cells obtained after Immunoseiection from the leukapheresis product The average 
(SO) absolute number of CD34+ cells immunoseiected from the leukapheresis product from animals that received either no cytokines <n » 6), 
SCF (n = 5), G-CSF (n = 6), or the combination of SCF and G-CSF (n = 6). (D) The percentage of Thy-1 expressing CD34* Immunoseiected cells 
from the leukapheresis product or BM. The average (SD) percentage of CD34+ cells that express Thy-1 from (1) the leukapheresis product of 
animals that received a 4- and 5^day subcutaneous course of either no cytokines (n = 6), SCF (n = 5), G-CSF {n = 6), or the combination of 
SCF and G-CSF (n - 6); or (2) the BM of animals that received either no cytokines in = 6), SCF (n = 6), G-CSF in » 6), or the combination of 
SCF and G-CSF (n « 5). 



12.8) used in the immunoseiection. Most antihuman CD34 MoAbs 
either do not cross react with rhesus macaque CD34* cells or recog- 
nize the same epitope as that of the antibody used in the immunose- 
iection. Fortunately, immunoseiection for rhesus CD34 + cells with 
clone 12.8 did not interfere with subsequent CD34 staining with 
clone 563. For immunophenotyping, the CD34 clone 563 was di- 
rectly conjugated to APC by Molecular Probes, Inc (Eugene, OR). 
The CD38-FTTC MoAb used was the OKTiO clone (Ortho Diagnos- 
tics, Ran tan, NJ). The Thy-1 -PE clone used was a gift from Dr P. 
Lansdorp (Terry Fox Laboratories Vancouver, British Columbia, 
Canada). To evaluate adhesion proteins CD29-FITC and CDw49d- 
FTTC antibodies were obtained from AMAC, Inc (Westbrook, ME). 
Cells were incubated in the MoAbs or isotype controls for 30 



minutes on ice and then washed 2 times with phosphate-buffered 
saline (PBS) containing 1% bovine serum albumin. Fc receptors 
were blocked by preincubating the cells for 5 minutes in 10% human 
AB serum (Advanced Biotechnologies Inc, Columbia, MD) without 
washing before the addition of MoAbs. Cells were fixed in 1% 
paraformaldehyde in PBS and stored at 4°C. All tubes were first run 
to analyze for immunophenotyping patterns of CD34-APC, CD38- 
FITC, and Thy-1 -PE before the cells were processed for DNA 
analysis. The remaining cells were then processed for DNA analysis 
using a nuclear DNA staining procedure 27 that was modified for 
intact cells. The DNA-staining procedure involved taking a 300-/*L 
aliquot of cells and slowly adding 700 fiL of -20°C cold 100% 
ethanol to yield a final concentration of 70% ethano). The cells were 
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put on dry ice for 5 to 10 minutes, and then 3 mL of cold PBS plus 
1% fetal calf serum with 0.01 ^mol/L4',6-diamidino-2-phenylindole 
(DA PI; Molecular Probes) was added and tubes were gently mixed 
and centrifuged for 10 minutes at 1,000 rpm. The supernatant was 
removed leaving approximately 200 /jL of liquid, and the cells were 
gendy mixed. Cells were allowed to stain in the DAPI solution for 
at least 1 hour or overnight before analysis on the Coulter Elite flow 
cytometer (Hialeah, FL). 

Flow cytometry data for FITC, PE, APC, DAPI, forward scatter 
and side scatter was collected in listmode. The DAPI fluorescence 
was' measured as both linear-integrated and linear-peak signals and 
FITC, PE, and APC were collected as logarithmic signals. Cell 
doublets were excluded by gating using either DAPI-peak versus 
D API-integrated signals or using DAPI-peak versus ratio of DAPI- 
peak/-integrated signals. The pre-DNA processing immunopheno- 
typing was compared with post-DNA immunophenotyping to assure 
that fluorescence of FITC, PE, and APC did not change. The 
CD34 + Thy-1* populations were then gated, and DNA histograms 
for this population were created and imported into the Multicycle 
software package by Phoenix Flow Systems (San Diego, CA) for 
DNA curve-fitting and statistical analysis of the G0/G1, S, and G7J 
M phases of the cell cycle. These results were tabulated, means and 
SDs determined, and, where stated, statistical analysis performed 
using the Student's f-test of the differences between two means. 

The absolute number of CD34 + Thy-1* cells/mL of either BM or 
leukapheresis product was calculated by multiplying the percentage 
of CD34 + cells that were Thy-1 + by the absolute number of CD34 + 
cells collected, and dividing this number by the volume of either 
BM or leukapheresis product collected for each animal. These num- 
bers were then averaged based on group, and an SD was determined. 

RESULTS 

Rhesus apheresis of cytokine -mobilized PB cells. The 
effectiveness of different human cytokines to mobilize the 
release of rhesus leukocytes from BM into the PB was evalu- 
ated. White blood cell (WBC) counts measured immediately 
before leukapheresis (Fig 2A) show that G-CSF alone and 
the combination of G-CSF and SCF both increased the WBC 
count significantly above the levels achieved with SCF alone 
or with no cytokine therapy. The WBC average (SD) mea- 
sured for the control group without cytokines was 4.7 (0.7) 
X 10 3 //jL (n = 6); for those treated with SCF alone, the 
WBC count was 11.0 (7.1) X 10V/iL (n = 6); for those 
treated with G-CSF alone, the WBC count was 82.0 (30.2) 
X IOVjaL (n = 6); and for those treated with the combination 
of G-CSF and SCF, the WBC count was 61.6 (19.3) X 10 3 / 
fjL (n = 6). No significant difference in WBC count was 
observed between G-CSF- mobilized and G-CSF- and SCF- 
mobilized animals at day 4 and day 5. This is consistent 
with a similar study in baboons in which, at these early time 



points, there was little difference in WBC count between the 
two groups. 16 The relative effectiveness of G-CSF or the 
combination of G-CSF and SCF to increase mobilized PB 
cells was also observed in both the PBMNC fraction pro- 
cessed and collected (Fig 2B). The average (SD) PBMNCs 
collected after leukapheresis was 1.3 (0.3) x 10 9 PBMNCs 
(n = 6) for the control group, 1.5 (0.2) X 10 9 PBMNCs (n 
= 6) for the SCF alone group, 5.5 (3.5) x 10 9 PBMNCs (n 
= 6) for the G-CSF alone group, and 3.6 (2.1) X 10 9 
PBMNCs (n = 11) for the SCF and G-CSF group (Fig 2B). 
The average collection efficiency for PBMNCs using the 
CS3000 was 40.4% (12.5%) (n = 24), with no apparent 
difference in efficiency between mobilized and nonmobi- 
lized donors. 

CD34* cell mobilization and recovery, CD34* cells 
were positively selected from the leukapheresis product or 
BM, and the purities of the recovered CD34 + cells were 
evaluated. Purities after immunoselection for CD34 + cells 
were consistently better for BM than for the leukapheresis 
product. Immunoselected CD34 + cells from mobilized and 
nonmobilized BM had CD34 purities averaging 88.7% 
(7.4%) (n = 23). Leukapheresis products processed using 
the same immunoadsorptive system had CD34 purities aver- 
aging 60.9% (21.8%) (n = 23). Cytokine mobilization with 
G-CSF and SCF clearly increased the absolute number of 
CD34* cells recovered from the leukapheresis product fol- 
lowing the CD34 immunoselection (Fig 2C). The absolute 
number of CD34 + cells was greater from the leukapheresis 
products obtained from animals mobilized with the combina- 
tion of G-CSF and SCF (2.3 [1.3] X 10 7 CD34 + cells; n = 
6) than the leukapheresis products obtained from animals 
mobilized with G-CSF alone (0.7 [0.4] X 10 7 CD34 + cells; 
n = 6; see Fig 2C). Still fewer CD34 + cells were collected 
from leukapheresis products obtained from animals mobi- 
lized with SCF alone (0.2 [0.1] X 10 7 CD34 + cells; n « 5) 
and from nonmobilized animals (0.1 [0.1] X 10 7 CD34 + 
cells; n = 6; see Fig 2C). Leukapheresis products from day 
4 and day 5 yielded similar numbers of CD34 + cells. The 
absolute number of CD34 + cells collected per milliliter of 
BM was 2.7 (1.3) X 10 5 (n - 12), 7.3 (1.7) x 10 5 (n = 3), 
4.3 (1.3) x 10 5 (n = 3), and 5.7 (3.3) X 10 5 (n = 3) for the 
nonmobilized, SCF-mobilized, G-CSF- mobilized, and SCF 
plus G-CSF-mobilized animals, respectively. The absolute 
number of CD34 + cells collected per milliliter of leukapher- 
esis product was 0.4 (0.4) x 10 s (n = 6), 0.4 (0.2) X 10 5 (n 
= 5), 1.8 (1.2) X 10 5 (n = 6), and 5.8 (3.5) X 10 5 (n = 6) 
for the nonmobilized, SCF-mobilized, G-CSF-mobilized, 



Rg 3. G-CSF and SCF mobilized CB34* cells Immunoselected from • rhesus macaque, RQ826. CD34* cells were Immunoselected from 
rhesus macaque (RQ826) (A) premobillzatlon BM, (BJ postmobllization BM, or (C) leukapheresis product postmobillzation with G-CSF and SCF 
for 5 days. Immunophenotypic analysis using CD34-APC, CD38-FITC, and Thy-1-PE was performed on the calls gated on size and granularity 
{outlined In green). The CD34Thy-r cells were gated and color backgated (delineated In red). The cell cycle analysis shown was performed 
on the gated CD34+Thy-1* cells. 

Fig 5. DNA cell cycle analysts of BM, PB, leukapheresis product and postculture leukapheresis product CD34*Thy-r cells from e G-CSF 
and SCF-mobilized rhesus macaque, RQ1111. Immunophenotypic analysis and DNA cycle analysis of CD34* cells immunoselected from BM, 
PB, and the leukapheresis product of a rhesus macaque (RQ1 1 1 1 ) mobilized with SCF and G-CSF. Some of the leukapheresis product immunose- 
lected C034* cells were cultured in 50 fxg/ml of IL-6 and 100 /ig/mL of SCF for 3.5 days and also analyzed for immunophenotype and DNA 
cell cycle. The CD34*Thy-r cells were gated (delineated In red), and ceil cycle analysis was performed on these gated CD34 + Thy-r cells. Cells 
that are CD34~Thy-1* are primate granulocytes. 
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and SCF plus G-CSF- mobilized animals, respectively. For 
the BM, the absolute number of CD34 + cells collected using 
the Ceprate LC-34-Biotin column represented 1.6% (0.5%) 
(n = 12), 2.0% (0.8%) (n = 3), 0.4% (0.2%) (n = 3), and 
1.0% (0.4%) (n = 3) of the mononuclear cells collected 
after ficoll-hypaque separation for the nonmobilized, SCF- 
mobilized, G-CSF- mobilized, and G-CSF plus SCF-mobi- 
lized animals, respectively. For the leukapheresis product, 
the absolute number of CD34 + cells represented 0.09% 
(0.08%) (n = 6), 0.16% (0.14%) (n = 5), 0.07% (0.04%) (n 
= 6), and 0.24% (0.18%) (n = 6) of the mononuclear ceils 
collected after ficoll-hypaque separation for the nonmobi- 
lized, SCF-mobilized, G-CSF- mobilized, and G-CSF plus 
SCF-mobilized animals, respectively. 

Phenotypic analysis. BM and PB CD34 + cells obtained 
with or without cytokine mobilization were examined for 
differences in Thy-1 and CD38 expression. All CD34 + cells 
expressed some level of Thy-1. A subpopulation of CD34 + 
cells expressed higher levels of Thy-1 and was designated 
as Thy-1 + (Fig 3). CD34 + cells obtained from PB had a 
greater proportion of cells expressing higher levels of Thy- 
1 than did CD34* cells obtained from BM, independent of 
cytokine mobilization. CD34* cells isolated from the BM of 
nontreated animals were 12.1% (2.4%) Thy-1 + (n = 6). The 
percentage of BM CD34 + cells expressing Thy-1 at higher 
levels remained constant whether the animals were treated 
with SCF (10.3% [1.9%]; n - 6), G-CSF (8.1% [1.4%]; n 
= 6), or the combination of SCF and G-CSF (7.6% [2.8%]; 
n = 5; see Fig 2D). In contrast to the BM, circulating CD34 + 
cells isolated from the leukapheresis product had a greater 
proportion of CD34 + cells expressing higher levels of Thy- 
1 than did BM (P < .01). This difference between PB and 
BM was independent of whether an animal had received a 
cytokine or not (Fig 2D). Circulating CD34 + cells were 
32.2% (11.7%) Thy-1 + from nonmobilized animals (n = 6), 
38.8% (5.6%) Thy-1 + from animals treated with SCF (n = 
5), 37.6% (10.3%) Thy-1 + from animals treated with G-CSF 
(n = 6), and 51.6% (8.7%) Thy-1 + from animals treated 
with the combination of SCF and G-CSF (n = 6; see Fig 
2D). The absolute number of CD34Thy-l + cells collected 
per milliliter of BM was 2.8 (1.5) X 10 4 (n = 12), 8.0 (2.0) 
X 10* (n = 3), 3.7 (0.7) X 10 4 (n = 3), and 5.3 (4.3) X 10* 
for the nonmobilized, SCF-mobilized, G-CSF-mobilized, 
and SCF plus G-CSF- mobilized animals, respectively. The 
absolute number of CD34 + Thy-1 + cells collected per millili- 
ter of leukapheresis product was 0.8 (5.5) X 10* (n = 6), 
1.8 (0.5) X 10 4 (n = 5), 7.2 (6.5) X 10 4 (n = 6), and 30.0 
(21.5) x 10 4 for the nonmobilized, SCF-mobilized, G-CSF- 
mobilized, and SCF plus G-CSF- mobilized animals, respec- 
tively. Interestingly, the cellular distribution of Thy-1 ap- 
pears to be different between rhesus macaques and humans. 
Unlike human granulocytes, which are negative for Thy-1, 
granulocytes isolated from rhesus macaques strongly express 
Thy-1. Two populations of CD34 + Thy-1 + cells were identi- 
fied (Fig 3) based on their CD38 expression, CD38-bright 
and CD38-dim. Using the OKT10 clone, we have been un- 
able to identify a CD34 + CD38~ cell population in rhesus 
BM or leukapheresis product. For animal RQ826, 84% of 
the backgated CD34 + Thy-1 + BM cells were CD38-bright 
before cytokine mobilization, 77% of the BM CD34 + Thy- 




BM COM* TMY-1* APM CtXU* THY-1* 



Fig 4. Cell cycle analysis of cytokine-mobilized Immunoselected 
CD34+ cells from BM or the leukapheresis product. Percentage of 
cells tn S+G2/M for cells gated on CD34* or CD34*Thy-1* Immuno- 
phenotyping. The average (SD) percentage of CD34 + or C034*Thy- 
1* cells in S+G2/M was determined for BM from animals that re- 
ceived efther no cytokines In = 14), SCF (n = 3), G-CSF In = 3), or 
the combination of SCF and G-CSF (n =» 7), and the leukapheresis 
product from animals that received either no cytokines (n = 6), SCF 
(n = 6>, G-CSF (n = 6), or the combination of SCF and G-CSF (n - 
11>. 



1 + cells were CD38-bright after G-CSF and SCF administra- 
tion, and 90% of the mobilized PB G-CSF and SCF 
CD34 + Thy-1 + cells were CD38-bright (Fig 3). The popula- 
tion of cells seen in Fig 3 that were dimly staining for CD34 
and Thy-1 were small in size and expressed low levels of 
CD38. 

Because there were differences in Thy-1 expression be- 
tween BM and PB, we were also interested in determining 
whether there were phenotypic differences in the expression 
of adhesion proteins between circulating PB- and BM-de- 
rived CD34 + cells. In particular, we evaluated the expression 
of the integrin a4 pi on CD34 + cells. This adhesion protein 
has been shown to play a role in hematopoietic stem cell 
and microenvironment interactions. 28 CD34 + cells isolated 
from the BM and leukapheresis product were no different 
in CD29 (the integrin 01 chain) and CDw49d (the VLA-or4 
chain) expression (data not shown). 

Cell cycle analysis. After the initial immunophenotyp- 
ing, the immunoselected CD34 + cells were stained with 
DAPI for simultaneous DNA analysis and immunophenotyp- 
ing. An example of an animal mobilized with the combina- 
tion of G-CSF and SCF and analyzed for CD34, CD38, and 
Thy-1 expression and DNA cell cycle status is shown in Fig 
3. As shown in Fig 3 and summarized in Fig 4, circulating 
PB CD34 + cells and CD34 + Thy-1 + cells have fewer cells 
cycling in S +G2/M than their BM-derived counterparts (P 
< .01). For example, after cytokine therapy with G-CSF and 
SCF, 36.3% (6.8%) of the CD34 + Thy-1 + BM cells were in 
S+G2/M (n = 7), whereas only 9.6% (3.2%) of the PB- 
circulating CD34"Thy-l + cells were in S+G2/M (n = 11; 
see Fig 4). The difference in cell cycle status observed be- 
tween either PB and BM CD34 + cells or CD34 + Thy-T 
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50 ftg/mL of IL-6 and 100 figtmL of SCF for 3.5 days (n = 4). 



cells was independent of cytokine mobilization. Similar to 
the G-CSF and SCF mobilization example, differences in 
cell cycle status between PB and BM CD34* cells or CD34 + 
Thy-1 + cells were observed without cytokine treatment, with 
G-CSF treatment alone, or with SCF treatment alone. Ad- 
ministration of cytokines did not significantly alter the cell 
cycle profiles observed in premobilization and postmobiliza- 
tion BM. However, there was a slight increase in the percent- 
age of cycling PB CD34 + cells observed with SCF+G-CSF 
mobilization, but this increase was not statistically signifi- 
cant for the data set. As one might expect, small CD34 + 
cells were not in the S + G2/M phases of the cell cycle. 

One potential explanation for the differences observed in 
Thy-1 expression and cell cycle status between BM-derived 
and leukapheresis-derived CD34 + cells was that the leukaph- 
eresis procedure itself may have selected for nondividing 
cells of this particular phenotype. Counterflow centrifugation 
is commonly used as a method for isolating cells in different 
phases of the cell cycle. To evaluate this possibility further, 
G-CSF and SCF-mobilized CD34 + cells were immunose- 
lected both from the PB and the Ieukapheresis product and 
compared. No significant differences in phenotype or in cell 
cycle status were observed between CD34 + cells immunose- 
lected directly from the PB versus the Ieukapheresis PBMNC 
product (Figs 5 and 6). 

To evaluate whether a greater percentage of PB CD34 + 
cells would be in cycle after culture, immunoselected PB 
CD34* cells were placed in culture for 3.5 days in media 
supplemented with SCF and IL-6. Over the 3.5 days, the 
cells increased 1 .6-fold (0.5-fold) in number (n = 4). After 
culture, the cell cycle status and immunophenotype were 
reevaluated. The phenotype of the circulating CD34 + cells 
was altered after culture, with a substantial loss in the per- 
centage of CD34 + Thy-1 + cells (Fig 5). In addition, both the 
CD34 + cells and the CD34 + Thy-1 + subset following culture 



had a greater percentage of cells in S+G2/M from a baseline 
value of 14.3% (3.7%) and 9.1% (3.3%) topostculture values 
of 39.6% (7.9%) and 39.2% (12.3%) for CD34 + cells and 
CD34 + Thy-1 + cells, respectively (Fig 6). 

DISCUSSION 

No alterations in phenotype were observed for either the 
BM or PBMNC CD34 + cells with cytokine mobilization. 
The proportions of cells expressing CD34, Thy-1, and CD38 
all remained fairly constant What did change was the abso- 
lute number of CD34 + cells immunoselected from the Ieu- 
kapheresis product Despite comparable numbers of 
PBMNCs being collected from animals receiving G-CSF 
alone and the combination of G-CSF and SCF, greater num- 
bers of CD34* cells were collected from animals immobi- 
lized with the combination of G-CSF and SCF. This observa- 
tion may explain why there was a significant difference in 
WBC count between G-CSF-mobilized and G-CSF and 
SCF-mobilized baboons after approximately 1 week of cyto- 
kine therapy. 16 

The immunoselected CD34+ cells obtained from the PB, 
BM, and Ieukapheresis product were characterized for purity 
and for CD38 and Thy-1 expression. Unlike human CD34 + 
cells, which have a distinct CD38" subset, 18 rhesus macaque 
CD34+ cells express CD38 on all CD34 + cells. The absence 
of a CD34 + CD38" population of cells in rhesus macaques, 
however, does not prevent multilineage reconstitution of rhe- 
sus macaques after BM transplantation, because immunose- 
lected CD34 + cells from rhesus macaques have previously 
been shown to contribute to multilineage hematopoietic re- 
constitution. 29 

The distribution of Thy-1 on rhesus macaque CD34 + cells 
collected from the Ieukapheresis product and BM are quite 
similar to that observed for human CD34 + cells. Human 
CD34 + cells isolated from the BM and the Ieukapheresis 
product of cancer patients treated with cytotoxic chemother- 
apy and hematopoietic growth factors have been found to 
differ in Thy-1 expression. 23,30 These immunophenotypic dif- 
ferences between PB- and BM-derived CD34 + cells may 
account for the accelerated hematopoietic engraftment ob- 
served in patients receiving mobilized PB when compared 
with that for those receiving BM. 8 * 11 An increase in the abso- 
lute number of CD34 + cells and CD34 + Thy-l + cells col- 
lected by Ieukapheresis was observed with either G-CSF 
or the combination of G-CSF and SCF therapy. Thus, the 
increased frequency of Thy-1 + cells in the circulation may 
be caused by either a failure of a subpopulation of BM 
CD34* cells to migrate into the circulation or a predilection 
for CD34 + Thy-1 + cells to circulate. 

In addition to differences between BM and PB CD34 + 
cell immunophenotype, there was a consistent difference be- 
tween the cell cycle status of PB and BM CD34 + cells. 
The percentage of noncycling CD34 + cells was consistently 
higher for the PB or Ieukapheresis product than that for the 
BM. fteliminary results suggest that human PB CD34 + cells 
may also have fewer cells in S-phase under steady state 
conditions and after mobilization with chemotherapy and 
cytokines than CD34 + cells isolated from BM. 31 Both obser- 
vations are consistent with earlier studies that found that 
circulating granulopoietic 32 and erythropoietic 33 progenitor 
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cells were more resistant to 3 H-thymidine suicide, and a more 
recent study that found that PB progenitor cells mobilized by 
G-CSF and other cytokines were resistant to 3 H-thymidine 
suicide. 34 All these results suggest that there is a selective 
difference in cell cycle status between CD34 + cells found 
in the circulation and CD34+ cells found within the BM, 
despite the presence of high levels of circulating hematopoi- 
etic growth factors. Potential reasons for this difference are 
that noncycling CD34 + cells may have a lower affinity for 
binding to the hematopoietic microenvironment than do cy- 
cling CD34 + cells and, therefore, would have a greater ten- 
dency to circulate, or that, for CD34 + cells to cycle, adher- 
ence to the BM stroma is required. No phenotypic difference 
in a401 expression, however, was observed between PB 
CD34 + cells and their BM counterpart. However, differences 
in a4/?l function or in the expression of other adhesion 
molecules, such as lymphocyte function-associated antigen- 
1, between BM-derived and circulating CD34 + cells were 
not precluded. 35 

Failure to cycle when exposed to a combination of hema- 
topoietic growth factors has been used as a criteria for identi- 
fying primitive, hematopoietic stem cells. Recent examples 
include retention of the membrane label PKH26 on a subset 
of CD34 + cells when cultured in serum-free medium supple- 
mented with IL-3, IL-6, SCF, and erythropoietin 36 and resis- 
tance of a subset of CD34 + cells to the antimetabolite 5- 
fluorouracil when stimulated with IL-3 and SCR 37 Although 
IL-3 was not used in our study, G-CSF and the combination 
of G-CSF and SCF have been used in mice, dogs, nonhuman 
primates, and humans to mobilize progenitors that contain 
BM repopulating cells. iai2 n This suggests that mobilized 
CD34 + cells contain a population of primitive cells that are 
not in cycle in the presence of G-CSF and SCF and have 
the capacity to repopulate the BM of a myeloablated host. 
Because cellular replication is required for efficient retroviral 
infection, 38 it would appear that immunoselected CD34 + 
cells from the leukapheresis product would be more difficult 
to transduce than BM. However, this does not appear to 
be the case in that immunoselected CD34 + cells from the 
leukapheresis product could be induced to proliferate in sus- 
pension culture, and in that the absolute number of CD34 + 
cells that were collected per milliliter of the leukapheresis 
product from the SCF and G-CSF-mobilized animals was 
greater than that collected from BM. These observations are 
consistent with murine studies that have shown that retrovi- 
rus transduction efficiency was higher for PB from splenec- 
tomized mice mobilized with G-CSF and SCF than for BM 
from mice treated with 5-fluorouracil 39 and that the culturing 
of murine BM cells in IL-3, IL-6, and SCF enhances retrovi- 
ral transduction efficiencies in murine hematopoietic cells. 40 
The leukapheresis procedure developed has permitted the 
collection of large numbers of PB leukocytes from 3- to 5-kg 
donors without the need for exposing the donor to allogeneic 
blood products in priming the instrument. This prevents alio- 
sensitization before myelosuppression, thus minimizing the 
opportunity for developing antibodies to erythrocyte, leuko- 
cyte, and platelet antigens and subsequent destruction of 
transfused blood products because of antibody formation. 
In addition, this leukapheresis procedure has permitted the 
collection of large quantities of other PB cells, such as lym- 
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phocytes and/or monocytes, for further study. Evaluation of 
cytokine-mobilized PB and BM stem cells from 3- to 5- 
kg donors may have application in pediatric and veterinary 
medicine in which cell transfusion, cell therapy, and genetic 
therapy are practiced. Future studies may examine why there 
is a predilection for noncycling CD34 + cells to circulate in 
the PB and may further delineate the role of the subpopula- 
tions of CD34 + cells in hematopoiesis. 

ACKNOWLEDGMENT 

The authors arc indebted to Mr B. Thompson and Mr E. West for 
their assistance in caring for the animals; Mr C. Carter and his 
associates in the Department of Transfusion Medicine in the Clinical 
Center for their help on this project; Dr S. Feldman and bis staff in 
the Laboratory of Animal Medicine and Surgery (NHLBI) for plac- 
ing and removing the central line catheters; and Dr P. Rabinovitch 
(University of Washington, Seattle, WA) and Dr K. Becker (Phoenix 
Flow Systems, Inc, San Diego, C A) for their help in the interpretation 
of the DNA ceU cycle analysis data. We would also like to thank 
Dr G. Gauderoack (The National Hospital, Oslo, Norway) for sup- 
plying the CD34 MoAb, clone 563; Dr P. Lansdorp (Terry Fox 
Laboratory. Vancouver. Canada) for supplying the Thy-1 antibody, 
clone 5E10, directly conjugated to PE; and Amgen. Inc for supplying 
all the hematopoietic growth factors used in these studies. 

REFERENCES 

1. Civin CL Strauss LC. Brovall C. Fackler MJ, Schwartz JF, 
Shaper JH: Antigenic analysis of hematopoiesis. III. A hematopoietic 
progenitor cell surface antigen denned by a monoclonal antibody 
raised against KG- la cells. J Immunol 133:157, 1984 

2. Baumhueter S, Singer M, Henzel W, Hemmerich S, Renz M, 
Rosen S, Lasky LA: Binding of L-selectin to the vascular sialomucin 
CD34. Science 262:436, 1993 

3. Fina L, Molgaatd HV, Robertson D, Bradley NJ, Monoghan 
P, Delia E, Sutherland DR, Baker MA, Greaves MF: Expression of 
the CD34 gene in vascular endothelial cells. Blood 75:2417. 1990 

4. Andrews RG, Singer JW, Bernstein ID: Human hematopoietic 
precursors in long-term culture: Single CD34* cells that lack detect- 
able T cell, B cell, and myeloid cell antigens produce multiple col- 
ony-forming cells when cultured with marrow stromal cells. J Exp 
Med 172:355. 1990 

5. Bender JG. Unverzagt KL, Walker DE, Lee W, Van Epps DE, 
Smith DH, Stewart CC, To LB: Identification and comparison of 
CD34- positive cells and their subpopularions from normal peripheral 
blood and bone marrow using multicolor flow cytometry. Blood 
77:2591, 1991 

6. Bender JG. Unverzagt K: Row cytometric analysis of periph- 
eral blood stem cells. J Hematother 2:421, 1993 

7. Bender JG, Unverzagt K, Walker DE, Lee W. Smith S, Wil- 
liams S, Van Epps DE: Phenotypic analysis and characterization of 
CD34* cells from normal human bone marrow, cord blood, periph- 
eral blood, and mobilized peripheral blood from patients undergoing 
autologous stem cell transplantation. Clin Immunol Immunopathol 
70:10. 1994 

8. Kessinger A, Armitage JO, Smith DM, Landmark JD, Bierman 
PJ, Weisenburger DD: High-dose therapy and autologous peripheral 
blood stem cell transplantation for patients with lymphoma. Blood 
74:1260. 1989 

9. Gianni AM, Siena S, Bregni M, Tarella C, Stern A, Bonadonna 
G: Granulocyte-macrophage colony-stimulating factor to harvest cir- 
culating haematopoietic stem cells for autotransplantation. Lancet 
2:580, 1989 

10. Sheridan WP, Begley CG, Juttner CA, Szer J, To LB, Maher 
D, McGrath KM, Morstyn G, Fox RM: Effect of peripheral-blood 



PHENOTYPE AND CELL CYCLE STATUS OF CD34+ CELLS 



1653 



progenitor cells mobilized by filgrastim (G-CSF) on platelet recovery 
after high-dose chemotherapy. Lancet 339:640, 1992 

1 1 . Brugger W, Bross K, Frisch J, Dem P, Weber B, Mertelsmann 
R, Kanz L: Mobilization of peripheral blood progenitor cells by 
sequential administration of interleukin-3 and granulocyte-macro- 
phage colony-stimulating factor following polychemotherapy with 
etoposide, ifosfamide, and cisplatin. Blood 79:1193, 1992 

12. McNiece IK, Briddell RA, Hartley CA, Andrews RG: The 
role of stem cell factor in mobilization of peripheral blood progenitor 
ceUs: Synergy with G-CSF. Stem Cells 11:83, 1993 

13. McNiece IK, Briddell RA, Hartley CA, Smith KA, Andrews 
RG: Stem cell factor enhances in vivo effects of granulocyte colony 
stimulating factor for stimulating mobilization of peripheral blood 
progenitor cells. Stem Cells 11:36* 1993 

14. Bodine DM, Seidel NE, Gale MS, Nienhuis AW. Orlic D: 
Efficient retrovirus transduction of mouse pluripotent hematopoietic 
stem cells mobilized into the peripheral blood by treatment with 
granulocyte colony-stimulating factor and stem cell factor. Blood 
84:1482, 1994 

15. de Revel T, Appelbaum FR, Storb R, Schuening F, Nash R, 
Deeg J, McNiece I, Andrews R, Graham T: Effects of granulocyte 
colony-stimulating factor and stem cell factor, alone and in combina- 
tion, on the mobilization of peripheral blood cells that engraft lethally 
irradiated dogs. Blood 83:3795, 1994 

16. Andrews RG, Briddell RA, Knitter GH, Opie T, Bronsden M, 
Myerson D, Appelbaum FR, McNiece IK: In vivo synergy between 
recombinant human stem cell factor and recombinant human granu- 
locyte colony-stimulating factor in baboons: Enhanced circulation 
of progenitor cells. Blood 84:800, 1994 

17. Andrews RG, Briddell RA, Knitter GH, Rowley SD, Appel- 
baum FR, McNiece IK: Rapid engraftment by peripheral blood pro- 
genitor cells mobilized by recombinant human stem cell factor and 
recombinant human granulocyte colony-stimulating factor in nonhu- 
man primates. Blood 85:15, 1995 

18. Terstappen LWMM, Gandour D, Huang S, Lund-Johansen F, 
Manion K, Nguyen M, Mickaels R, Olweus J. Topker S: Assessment 
of hematopoietic cell differentiation by multidimensional flow cy- 
tometry. J Hematother 2:431, 1993 

19. Terstappen LWMM, Huang S, SafTord M, Lansdorp PM, Lo- 
ken MR: Sequential generations of hematopoietic colonies derived 
from single nonlineage-committed CD34 + 38" progenitor cells. 
Blood 77:1218, 1991 

. 20. Craig W, Kay R, Cutler RL, Lansdorp PM: Expression of 
Thy-1 on human hematopoietic progenitor cells. J Exp Med 
177:1331, 1993 

2 1 . Baum CM, Weissman IL, Tsukamoto AS, Buckle AM, Peault 
B: Isolation of a candidate human hematopoietic stem-cell popula- 
tion. Proc Natl Acad Sci USA 89:2804, 1992 

22. Mayani H, Lansdorp PM: Thy-1 expression is linked to func- 
tional properties of primitive hematopoietic progenitor cells from 
human umbilical cord blood. Blood 83:2410, 1994 

23. Murray L, Chen B, Galy A, Chen S, Tushinski R. Uchida N, 
Negrin R, Tricot G, Jagannath S, Vesole D, Barlogie B, Hoffman 
R, Tsukamoto A: Enrichment of human hematopoietic stem cell 
activity in the CD34 + Thy-1 + Lin" subpopulation from mobilized pe- 
ripheral blood. Blood 85:368, 1995 

24. Howard M, Grimaldi JC, Bazan JF, Lund FE, Santos- Argu- 
medo L, Parkhouse RME, Walseth TF, Lee HC: Formation and 
hydrolysis of cyclic ADP-ribose catalyzed by lymphocyte antigen 
CD38. Science 262:1056, 1993 

25. Reems JA t Torok-Storb B: Cell cycle and functional differ- 



ences between CD347CD38 W and CD34 + /38 to human marrow cells 
after in vitro cytokine exposure. Blood 85:1480, 1995 

26. Gore SD, Amin S, Weng L-J, Civin CI: Steel factor supports 
the cycling of isolated human CD34* cells in the absence of other 
growth factors. Exp Hemato! 23:413, 1995 

27. Otto F: DAPI staining of fixed cells for high-resolution flow 
cytometry of nuclear DNA, in Darzynkiewicz Z, Crissman HA (eds): 
Methods in Cell Biology, vol 33 Flow Cytometry. San Diego, CA, 
Academic, 1990, p 105 

28. Williams DA, Rios M. Stephens C, Patel V: Fibronectin and 
VLA-4 in haematopoietic stem cell-microenvironment interactions. 
Nature 352:438, 1991 

29. Bodine DM, Moritz T, Donahue RE, Luskey BD, Kessler 
SW, Martin DIK. Orkin SH, Nienhuis AW, Williams DA: Long- 
term in vivo expression of a murine adenosine deaminase gene in 
rhesus monkey hematopoietic cells of multiple lineages after retrovi- 
ral mediated gene transfer into CD34* bone marrow cells. Blood 
82:1975, 1993 

30. Haas R, MOhle R, Pfbrsich M, Fruehauf S, Witt B, Gold- 
schmidt H, Hunstein W: Blood-derived autografts collected during 
granulocyte colony-stimulating factor-enhanced recovery are en- 
riched with early Thy-1* hematopoietic progenitor cells. Blood 
85:1936, 1995 

31. Danova M, Rosti V, Mazzini G, Locatelli F, Comoli P. Ric- 
cardi A, Cazzola M, Ascari E: Proliferative activity of bone marrow 
versus peripheral blood CD34-positive cells on steady state and 
following chemotherapy plus G-CSF. Blood 84:23a, 1994 (abstr, 
suppl 1) 

32. Tebbi K, Rubin S, Cowan DH, McCulloch EA: A comparison 
of granulopoiesis in culture from blood and bone marrow cells of 
nonleukemic individuals and patients with acute leukemia. Blood 
48:235. 1976 

33. Ogawa M, Grush OC, O'Dell RF, Hara H, MacEchem MD: 
Circulating erythropoietic precursors assessed in culture: Character- 
ization in normal men and patients with hemoglobinopathies. Blood 
50:1081, 1977 

34. Roberts AW, Metcalf D: Noncycling state of peripheral blood 
progenitor cells mobilized by granulocyte colony-stimulating factor 
and other cytokines. Blood 86:1600, 1995 

35. Mbhle R, Haas R, Hunstein W: Expression of adhesion mole- 
cules and c-kit on CD34* hematopoietic progenitor cells: Compari- 
son of cytokine- mobilized blood stem cells with normal bone marrow 
and peripheral blood. J Hematother 2:483, 1993 

36. Lansdorp PM, Dragowska W, Mayani H: Ontogeny-related 
changes in proliferative potential of human hematopoietic cells. J 
Exp Med 178:787, 1993 

37. Beraxdi AC, Wang A, Levine JD, Lopez P. Scadden DT: 
Functional isolation and characterization of human hematopoietic 
stem cells. Science 267:104, 1995 

38. Miller DG, Adam MA, Miller AD: Gene transfer by retrovirus 
vectors occurs only in cells that are actively replicating at the time 
of infection. Mol Cell Biol 10:4239, 1990 

39. Bodine DM, Seidel NE, Gale MS, Nienhuis AW, Orlic D: 
Efficient retrovirus transduction of mouse pluripotent hematopoietic 
stem cells mobilized into the peripheral blood by treatment with 
granulocyte colony-stimulating factor and stem cell factor. Blood 
84:1482, 1994 

40. Luskey BD. Rosenblatt M. Zsebo K. Williams DA: Stem cell 
factor, interleukin-3, and interleukin-6 promote retro viral-mediated 
gene transfer into murine hematopoietic stem cells. Blood 80:396, 
1992 



$ 1994 Wiley-Liss, Inc. 



Cytometry 15:267-271 11994) 



BRIEF REPORT 

Visible Diode Lasers can be Used for Flow Cytometric 
Immunofluorescence and DNA Analysis 

Richard M.P. Doornbos, Bart G. De Grooth, 1 Yvonne ML Kraan, Carel J. Van Der Poel, 2 

and Jan Greve 

Applied Optics Group, Faculty of Applied Physics, University of Twente, Enschede, The Netherlands 
Received for publication June 22, 1993; accepted October 11, 1993 



This report describes a feasibility 
study concerning the use of a visible di- 
ode laser for two important fluorescence 
applications in a flow cytometer. With a 3 
mW 635 nm diode laser, we performed im- 
munofluorescence measurements using 
the fluorophore allophycocyanin (APC)* 
We have measured CD8 positive lympho- 
cytes with a two-step labeling procedure 
and the resulting histograms showed 
good separation between the negative 
cells and the dim and the bright fluores- 
cent subpopulations. As a second fluores- 
cence application, we chose DNA analy- 
sis with the recently developed DNA/ 
RNA stains TOTO-3 and TO-PRO-3. In 



our setup TO-PRO-3 yielded the best re- 
sults with a CV of 3.4%. Our results indi- 
cate that a few milliwatts of 635 nm light 
from a visible diode laser is sufficient to 
do single color immunofluorescence mea- 
surements with allophycocyanin and 
DNA analysis with TO-PRO-3. The major 
advantages of using a diode laser in a 
flow cytometer are the small size, the low 
price, the high efficiency, and the long 
lifetime. © 1994 Wiley-Liss, Inc. 

Key terms: Miniaturization, instrumen- 
tation, DNA/RNA staining, allophycocya- 
nin, APC, TOTO-3, TO-PRO-3, CD8, flow 
cytometry 



Since its introduction in flow cytometry (3), fluores- 
cence detection has proven to be a very sensitive and 
versatile technique. Specific stains for DNA, RNA, and 
other cellular constituents (e.g., mitochondria) and 
functional stains for detection of Ca 2 + , pH, and mem- 
brane potential are now well developed. Combined 
with the monoclonal antibody labeling technique, a 
very sensitive and specific research tool is available for 
flow cytometry. Most fluorescent dyes used for these 
purposes are excitable with UV, blue, or green light, 
which means that argon-ion or krypton gas lasers have 
to be used. The major disadvantages of these lasers are 
well known: they are very expensive, bulky, inefficient, 
noisy, need considerable cooling, require regular main- 
tenance, and have a limited lifetime. 

Another laser, the helium-neon (He-Ne) gas laser, is 
not often used even though for a number of important 
applications good results can be obtained with it 
(8,10,11). The major drawback is the fact that very few 
red-excitable dyes (excitation maximum above 600 nm) 
are commercially available (C-phycocyanin (CPC), al- 



lophycocyanin (APC), and indodicarbocyanin (Cy-5)), 
and only single color measurements can be done. 

Recent developments in the field of solid state phys- 
ics have led to the production of visible diode lasers 
with a power of a few to tens of milliwatts (depending 
on the exact wavelength). We have already shown that 
diode lasers yield good results for scattering measure- 
ments in a flow cytometer (4). Now we have investi- 
gated whether diode lasers are worthy substitutes for 
He-Ne lasers in flow cytometric applications. In other 
words, can the currently available diode laser now also 
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be used for fluorescence measurements? We have 
tested this for two common flow cytometric applica- 
tions: first, immunofluorescence measurements using 
the dye allophycocyanin (APC) coupled to a monoclonal 
antibody, and second, DNA analysis by using the DNA 
stains TOTO-3 and TO-PRO-3 (benzothiazolium-4-qui- 
nolinium dimer and monomer iodide, respectively). 



MATERIALS AND METHODS 

The visible diode laser we used was the Philips CQL 
840/D (Philips, Eindhoven, The Netherlands), a ridge 
structure InGaAlP-based laser with a maximum opti- 
cal output power of 3 mW at 635 nm. This single mode 
laser emits the light highly divergent; it has a 6° far- 
field angle (FWHM) parallel to the junction and a 35° 
angle perpendicular to the junction. The laser is 
mounted in a SOT 148D case (size: 9 mm in diameter, 
5 mm in height) together with a photodiode to monitor 
the output power. We have mounted this laser into a 
small aluminum cylinder (25 mm diameter) in order to 
cool it passively to room temperature. The diode laser 
driver we used was a voltage stabilized power supply 
(E-018-0.6/D, Delta Elektronika, Zierikzee, The Neth- 
erlands) in series with a 150 H resistor (inserted to 
limit the current). 

The optical setup (see Fig. 1) contains the diode laser 
and a compact disk (CD) lens (RP 036 equivalent, Phil- 
ips), which collects the highly divergent emitted light 
and creates a collimated beam. In order to eliminate 
spontaneous emission we have used a 640 nm shortpass 
interference filter (35-5420, Ealing, Watford, En- 
gland) in the excitation beam. In the case of immuno- 
fluorescence measurements, a spherical lens (80 mm 
focal length) was used to focus the light in the flow cell, 
yielding a spot of —78 |xm by 14 ^.m. Due to the ellip- 
tical emission profile of the laser, an elliptical spot is 
obtained, which has its long axis horizontally. With a 
sheath flow velocity of —2.5 m/s, this results in an 
illumination time of -5 jxs. For DNA analysis a highly 
uniform illumination profile is needed, so we used (in- 
stead of one spherical lens) a 200 mm and a 100 mm 
cylindrical lens to create a focus of —200 ftm by 30 jim. 
The forward scattered light is detected with a nega- 
tively biased photodiode (PIN 10 D, United Detector 
Technology, Santa Monica, CA). Fluorescence is col- 
lected on one side of the quartz cuvette with a 1.2 NA 
gel-immersion objective and detected with a head-on 
photomultiplier (R 1104, Hamamatsu, Hamamatsu 
City, Japan). The rectangular cuvette has a flow chan- 
nel of 160 Jim by 400 fim, which allows the use of high 
numerical aperture objectives in the orthogonal direc- 
tion. Two 3 mm color glass filters (RG 665, Schott, 
Mainz, Germany) block the scattered laser light. These 
filters gave enough suppression at the laser wave- 
length (more than 10" 6 ) and although the cutoff was 30 
nm above the laser wavelength, transmission of APC 
fluorescence was calculated to be still about 40%. On 
the opposite side of the flow cell, a 0.4 NA CD lens 
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FIG. 1, Setup of the flow cytometer used for immunofluorescence 
measurements using a visible diode laser. Note that fluorescence and 
scattering is detected on opposite Bides of the flow cell. DL, diode 
laser; CD1, CD2, Compact Disk player lenses; SP, 640 nm short pass 
filter; S, spherical lens; F, flow cell; O, objective; B, beam stop; PD. 
photodiode; F, 665 nm long pass filter; D, diaphragm; PM1, PM2, 
photomultipliers. 



collects the orthogonally scattered light and focuses it 
on a side-on photomultiplier (R 928, Hamamatsu). 

Signals are processed using a conventional peak de- 
tection system and a 12-bit analog-to-digital converter 
(2). The acquired data are stored and analyzed with a 
PC (1). 

The immunofluorescence labeling procedure is as 
follows: human lymphocytes of a healthy donor were 
isolated by density centrifugation over Percoll (1.077 
g/dm 3 ) and labeled with antihuman CD8-biotin conju- 
gate (Beckton-Dickinson, San Jose, CA). The second 
labeling step is performed with streptavidin-APC con- 
jugate (Molecular Probes, Eugene, OR). 

The DNA staining procedure: 10 6 K562 cells (an 
erythroblast cell line) in 1 ml RPMI were washed and 
suspended in 0.2 ml PBS, 1 ml Modified Vindelov's PI 
solution (9) without PI (0.01 M Tris pH = 8, 1 mM 
NaCl, 0.1% NP-40, 0.07% RNAse) was added to the 
cells and incubated for at least 10 min on ice. The cells 
were washed once and stained with 100 p,l TOTO-3 
iodide (10 fjJVI in PBS) or 300 \il TO-PRO-3 iodide (10 
|xM in PBS) (Molecular Probes) and incubated for 30 
min at room temperature and in the dark. 

Allophycocyanin calibration beads (8 urn) were ob- 
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FIG. 2. Histogram of fluorescence signals obtained from (13,182) lymphocytes incubated with CD8- 
biotin/streptavidin-APC with the diode laser-based flow cytometer. The negative control is indicated 
with the rectangles. 
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tained from Flow Cytometry Standards Corporation 
(cat 901, NO. 

RESULTS 

The specified power of 3 mW was obtained at a laser 
current of -75 mA; this current strongly depends on the 
ambient temperature. After the warming up period of 
30 min, output power fluctuations were negligible dur- 
ing 1-h experiments. High frequency noise 1 kHz) is 
very low and determined by the quality of the laser 
driver; in our case the noise and ripple was —0.02%. 
When operated at maximum power, the temperature of 
the metal block was increased by one or two degrees. 

In Figure 2 we show the results of an immunofluo- 
rescence measurement of human lymphocytes indi- 
rectly labeled with APC. The histogram clearly shows 
three subpopulations of cells: the bright positive cells 
(cytotoxic T cells), the dim fluorescent subpopulation 
(mostly NK cells), and the negative cells. The histo- 
grams of control cells (which are only incubated with 
streptavidin-APC) and untreated cells overlapped with 
that of the negative subpopulation (see Fig. 2), the non- 
specific labeling can therefore be considered negligible. 

In Figure 3 results are shown of measurements for 
different laser powers. This figure indicates that the 
histogram peaks of the logarithmically measured flu- 
orescence intensity increase logarithmically with the 
increase of the power. It can be seen also that even with 
optical powers of only about 1.5 mW, adequate separa- 
tion between the dim positive and negative cells can be 
obtained. 

We found that the diode laser also emits some light of 
longer wavelengths than the specified wavelength, 
probably resulting from spontaneous (LED) emission. 
Scatter of this light by the cells can increase back- 
ground in a fluorescence measurement. In order to 
eliminate this, we have inserted a short pass filter (cut 
off wavelength 640 nm) in the excitation beam. For 
very low fluorescence signals this filter proved to be 
necessary. 
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FIG. 3. Histograms of (~4 ,096) CD8-biotin/atreptavidin- A PC incu- 
bated lymphocytes obtained with different optical powers (indicated 
on the righthand side). 



In order to evaluate the use of a diode laser for DNA 
analysis, we had to improve the uniformity of the illu- 
mination profile. We replaced the focusing lens by two 
cylindrical lenses, which resulted in a larger and more 
uniform focus. With the described setup we measured 
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Fig. 4. Flow cytometric DNA histogram of (9,645) K562 cells stained with TO-PRO-3 using the 635 nm 
diode laser as light source. The CV of the diploid cell population is 3.4%. 



DNA histograms of TO-PRO-3 stained K562 cells; in 
Figure 4 a typical example is shown. Similar results 
were obtained with TOTO-3 for the same cell type and 
experimental conditions. Also, other cell types (human 
NK, Epstein-Barr virus transfected human B cells, 
mouse L1210 cells) yielded good DNA histograms. We 
observed that the TO-PRO-3 fluorescence intensity is 
on the average 30-50% higher than that of TOTO-3. 
Also, the CVs of TO-PRO-3 histograms are in our mea- 
surements better than the CVs of TOTO-3 histograms, 
namely, -3.4% compared to 4.1%. 

In experiments to determine the optimal staining 
procedure, we obtained maximum fluorescence signals 
when -100 p.1 TOTO-3 solution and 300 fxl TO-PRO-3 
solution was applied to 10 6 K562 cells/ml. Above 300 jjl! 
TO-PRO-3, the fluorescence intensity saturated and 
remained stable, whereas the TOTO-3 fluorescence 
displayed a decrease when the applied amount ex- 
ceeded 100 \iL 

The fluorescence intensity of TO-PRO-3 stained 
K562 cells is -20 times higher than that of the CD8- 
positive lymphocytes. The intensity of APC calibration 
beads lies in between these two and is -6.5 times less 
than that of the TO-PRO-3 stained cells. 

DISCUSSION 

Earlier attempts to measure immunofluorescence, 
using a 5 mW 670 nm diode laser for excitation of Ul- 
tralite 720 (Ultralite Corporation, no longer available) 
and a 0.6 NA objective, were unsuccessful (4). However, 
in this study we show that by using highly efficient 
fluorescence detection with an 1.2 NA objective and a 
3 mW 635 nm diode laser, it is possible to perform 
immunofluorescence measurements and DNA analy- 
sis. 

The results in Figure 2 indicate that a diode laser 
can be used for single-color immunofluorescence mea- 
surements. The measurement of CD8 labeled lympho- 
cytes has about the same quality as measurements of 
FITC labeled cells measured in a routine flow cytom- 



eter. The signal of the negative cells lies in the order of 
a few photoelectrons per cell and probably originates 
from autofluorescence. 

A critical inspection of our setup shows that still 
some improvements can be made. First, only 60% of the 
excitation beam is transmitted by the short pass filter; 
this can easily be increased to 90%, e.g., by using a line 
filter centered at 635 nm. Second, only 40% of the APC 
fluorescence is transmitted by the long pass filters. 
This fraction can also be enlarged by using optimized 
filters. Third, our photomultiplier has a low quantum 
efficiency at 660 nm (-3%), whereas a photomultiplier 
with a GaAs photocathode (e.g., the Hamamatsu R636) 
can have efficiencies at 660 nm as high as 13%. Alto- 
gether, these improvements would increase the signals 
roughly by a factor of 10. 

As a second test, we chose the measurement of DNA 
with the recently developed dyes TOTO-3 and TO- 
PRO-3. These dyes are reported to have a high fluores- 
cence intensity and a high enhancement of the fluores- 
cence when bound to DNA (or RNA) (6). Both stains 
could be used to measure DNA histograms, but with 
TO-PRO-3 we have obtained the best results (CV - 
3.4%). At this stage it is not clear yet if the CV is 
determined by the instrument, the dye, or the staining 
procedure. It should be noted that the measured inten- 
sities are of such a low level that photon noise could 
also be the determining factor for the CV. The G0/G1 
peak of the DNA histogram corresponds roughly with 
1,000 photoelectrons, resulting in a theoretical CV of 
3%. We have not found flow cytometric DNA measure- 
ments using these dyes in the literature. 

In principle, optimal fluorescence detection in an or- 
thogonal setup requires a vertical polarization (7). I* 1 
our setup we used the different emission angles of the 
diode laser to create an elliptical spot with a horizontal 
polarization. By inserting a half-wave retarder, which 
rotates the polarization 90°, we observed marginal dif- 
ferences in the fluorescence signal. This was probably 
caused by the fact that the loss of light due to the trans- 
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mission factor of the retarder (-80% transmission) was 
compensated by more efficient detection. Furthermore, 
the high numerical aperture makes the detection less 
critically dependent on incident polarization (compare 

The output power of the diode laser strongly depends 
on the temperature. In our experiments we did not use 
a stabilization circuit, so these fluctuations were no- 
ticeable, but during 1-h experiments, no adjustments 
were necessary. For practical purposes, however, we 
advise a power-controlled laser driver and a simple 
Peltier element-based temperature stabilization unit. 

The advantages of diode lasers are remarkable. Di- 
ode lasers are inexpensive (-$150), very small, effi- 
cient, have a long lifetime, and can be modulated at 
frequencies up to 1 GHz. At present the power is still 
low compared to argon-ion lasers, but it is enough for 
immunofluorescence. A second disadvantage is the fact 
that the laser emission is astigmatic, but this can be 
corrected for by relatively simple optics. The fact that 
diode lasers can easily be modulated with frequencies 
up to 1 GHz indicates that they can be used for fluo- 
rescence lifetime experiments (12). We can also imag- 
ine a system consisting of two diode lasers with differ- 
ent wavelengths, which are chopped out of phase, that 
can separate two f luorophores with different excitation 
spectra but overlapping emission spectra. 

The main problem is the limited availability and ex- 
ploitation of red-excitable dyes. We therefore stress the 
need for more red-excitable dyes to enable development 
of dual-color or even three-color immunofluorescence 
measurements. 

Currently, a large effort is being put into the devel- 
opment of diode lasers with shorter wavelengths, so we 
expect a bright future for these lasers in flow cytometry. 

CONCLUSIONS 

We have shown that a 3 mW 635 nm diode laser can 
be used for two-step immunofluorescence measure- 



ments with streptavidin-APC as a secondary label, 
yielding good separation between negative, dim posi- 
tive and bright positive subpopulations. Also, DNA 
analysis using TOTO-3 and TO-PRO-3 can readily be 
done with a visible diode laser. 
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Multiple immunophenotyping is aimed at identi- 
fying several cell populations in a single labeling 
procedure by their ability to bind combinations of 
specific labeled antibodies. The present work dem- 
onstrates the simultaneous discrimination by using 
image cytometry of aminomethylcoumarin acetate 
(AMCA), Lucifer yellow (LY), fluorescein isothiocy- 
anate (FITC), R-phycoeiythrin (PE), PE-Texas red 
tandem (Red6l3), peridinin-chlorophyll protein 
(PerCP), and allophycocyanin (APC), which were 
all bound to latex beads as streptavidin-conjugated 
fluorochromes. This has been the result of a step- 
by-step optimization of the several factors affecting 
the sensitivity and specificity of multiple immuno- 
fluorescence analysis. First, 14 streptavidin-conju- 
gated fluorochromes were evaluated by using spec- 
trofluorometry. A primary selection was then made 
of ten spectrally separable dyes that could be eval- 
uated by using image cytometry. These dyes were 
bound to latex particles, and specific filter combi- 
nations were assembled to minimize crosstalk be- 



tween fluorophores while preserving sufficient flu- 
orescence intensity and counting statistics. Poten- 
tial probe associations were then assessed by mea- 
suring the emissions of all fluorochromes that were 
detected by each filter combination. The resulting 
crosstalk matrix served as the basic tool both for 
final selection of the optimal filter combination and 
for dye set (composed, in this case, of the seven 
fluorochromes described above) and for mathemat- 
ical correction of residual spectral overlap. Next, an 
image cytometry system was adapted to collect 
seven images of matched brightness with the se- 
lected combination of excitation/emission filters 
and dichroic mirrors. Finally, seven-parameter syn- 
thetic images were generated by digital image 
processing. © 1996 Wlley-Uss, Inc. 



Key terms: Multiple immunophenotyping, image 
cytometry, multicomponent analysis, spectral com- 
pensation 



Multiple fluorescence immunophenotyping allows the 
determination of several target antigens on individual 
cells by using fluorochrome-labeled antibodies. Thus far, 
double and triple immunophenotyping has been used ex- 
tensively, for instance, to characterize hemopoietic pre- 
cursor subpopulations (9,1 1,17,1836) and to investigate 
aberrant antigen combinations expressed by leukemic 
blasts (5). Recent works have demonstrated the feasibil- 
ity of discriminating four (13,18,19,22,23,32,33) or five 
(4,8,27,38) fluorescence signals by using flow or image 
cytometry. However, to detect rare or complex pheno- 
types, there is still a need to devise methods for the 
discrimination of greater numbers of probes bound to 
individual cells. The development of multiple immu- 
nophenotyping has benefitted from the availability of 
monoclonal antibodies that bind to precursor subpopu- 
lations (7,28), from the introduction of sets of fluoro- 
chromes spanning a wide region of the light spectrum 



(see references in Table I), and from recent studies on 
the theory and application of multiparameter imaging 
(3,8,12,33,38). Moreover, further improvements of such 
procedures can be provided by technological advances in 
fluorescence microscopy and digital image processing. 

Our initial motivation in developing multiple immu- 
nophenotyping color analysis has been to help classify 
early hemopoietic precursors and progenitors and to de- 
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termine their pathways of development. Because an in- 
formative phenotype of hemopoietic precursors should 
ideally specify both the lineage specificity and the stage 
of maturation, we estimated that the simultaneous de- 
tection of six to eight antigens would be required to 
enumerate uncommitted stem cells and progenitors com- 
mitted to the granulomonocytic, erythrocytic, thrombo- 
cyte, and lymphocytic lineages. In leukemia diagnosis, 
multiple immunophenotyping could be exploited to im- 
prove the detection of aberrant antigenic phenotypes ex- 
pressed by leukemic blasts. 

A major problem in multicolor fluorescence applica- 
tions is spectral overlap. Because of the broad excitation 
and/or emission spectra of available fluorochromes, the 
optimal emission band of each dye generally collects the 
light emitted by more than one component of the label- 
ing cocktail. This fraction of the emission of a given flu- 
orochrome, which is collected through an adjacent filter 
set, is termed spectral overlap. When more than four dyes 
are mixed, spectral overlap has to be corrected by math- 
ematical rather than electronic compensation (330). 
However, the accuracy of spectral correction based on 
multicomponent analysis depends on many factors, such 
as the fluorescence spectra of individual components, the 
selected excitation/emission bands, as well as a number 
of optical and electronic variables (24). Therefore, a thor- 
ough and exhaustive examination of these variables is 
needed. In this paper, 14 streptavidin-conjugated fluoro- 
chromes were first evaluated by spectrofluorometry. 
From this evaluation, an initial set of ten spectrally sepa- 
rable dyes and filter combinations were chosen. These 
dyes were then bound to latex particles, and the various 
parameters influencing the accuracy of multiple immu- 
nophenotyping were assessed by measuring the emission 
of all dyes in each filter combination. The resulting 
crosstalk matrix served as the basic tool for final selec- 
tion of the optimal probe and filter associations, for de- 
velopment of the image cytometry set up, and for cor- 
rection of residual spectral overlap. The present study 
illustrates the application of this strategy to the discrim- 
ination of seven protein-conjugated dyes bound to latex 
particles. 

MATERIALS AND METHODS 
Fluorescent Conjugates and Microbeads 

Because fluorescence immunophenotyping measures 
the emission of protein-bound fluorochromes, all of the 
model studies described below used streptavidin (SA> 
fluorochrome conjugates rather than free dyes. SA-conju- 
gates of Cascade blue (CB), Lucifer yellow (LY), Bodipy, 
fluorescein isothiocyanate (FITC), R-phycoerythrin (PE), 
Texas red (TxR), and allophycocyanine (APC) were ob- 
tained from Molecular Probes (Eugene, OR). SA-conju- 
gates of tandem labels of PE and TxR (Red6l3) and PE 
and Cy5 (Red670) were purchased from Gibco BRL 
(Grand Island, NY). Peridinin-chlorophyll-protein com- 
plex conjugated to SA (PerCP) was from Becton-Dickin- 
son (Mountain View, CA); aminomethylcoumarin ace- 
tate-SA (AMCA), cyanin 3-SA (Cy3), and cyanin 5-SA 



Table 1 

Spectroftnoromeiric Data of 14 Dyes Evaluated for 
Multiple Labeling 
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a AU fluorescence measurements were performed on solutions 
of streptavidin-conjugated fluorochromes. For fluorochrome ab- 
breviations, see Materials and Methods. 



(Cy5) were from Jackson Immunoresearch (West Grove, 
PA). C-phycocyanin-SA (CPC) was purchased from Sigma 
(St. Louis, MO) (Table 1). 

To simulate cell surfaces labeled with fluorescent an- 
tibodies, Accuscan synthetic microbeads (Sigma), which 
have surfaces linked covalently with goat antimouse im- 
munoglobulin (IgG), were used as model particles. Their 
mean diameter, as measured by image cytometry, was 
10.61 fim with a coefficient of variation (CV) of 4.8%, 
and their mean cross-sectional area was 88.61 u,m 2 with 
a CV of 9.896. They were sequentially incubated with 
mouse biotinylated IgG (Molecular Probes) at various 
concentrations for 1 h at 4°C and with SA-conjugated 
fluorochromes for 30 min at 4°C. 

Spectrofluorometry 

Excitation and emission spectra were obtained in an LS 
50 Perkin Elmer spectrofluorometer. Fluorescence mea- 
surements were performed on solutions of streptavidin- 
conjugated dyes diluted in phosphate-buffered saline 
(PBS) containing 0.2% bovine serum albumin (BSA). 
Emission spectra were corrected for the spectral charac- 
teristics of source, monochromators, and photomultipli- 
ers of the spectrofluorometer according to the procedure 
recommended by the manufacturer. Briefly, correction 
factors between 400 and 630 nm were obtained by com- 
paring the emission spectrum of quinine sulphate, which 
was used as standard compound, with its corrected spec- 
trum. Assuming that the wavelength-dependent effi- 
ciency of the detection system remained constant above 
630 nm, a monotonous correction using the 630 nm cor- 
rection factor was applied between 630 and 800 nm. 

Fluorescence Microscopy 

The microscope instrumentation is shown in Figure 1. 
An Axiovert 135 inverted microscope (Zeiss, Ober- 



216 



GOTHOT ET AL. 



IMAGE 
ANALYZER 



isnr TV 

CAMERA 






Fig. 1. Schematic representation of the image cytometry setup. Note 
that the same lenses serve as both objective and condenser. 



kochen, Federal Republic of Germany ) was equipped with 
a 100 W high-pressure mercury lamp. A 75 W Xenon lamp 
was mounted on a second port on the same microscope. 
It was not used in this study, because its intensity did not 
match that of the mercury lamp, except in the 450-540 
nm range ( 34 ), where, however, the mercury lamp pro- 
vided sufficient excitation for FITC, PE, Red6l3, and 
PerCP. Latex particles were suspended in a drop of saline 
solution and examined on a 0.1 7- |xm- thick Ham ax slide 
(Biotest, Brussels, Belgium). A x40 oil NA 1.3 Plan Ne- 
ofluar objective obtained from Zeiss was used in all ex- 
periments together with aXi.O camera ocular lens. High 
numerical aperture maximized light gathering of fluores- 
cence emission and signal-to-noise ratio while minimizing 
the influence of out-of-focus sources (15). A set of two 
computer-controlled polarizing filters that could be ro- 
tated between each image collection was used to modu- 
late lamp output Excitation and emission filters were 
placed on two eight-position wheels that could be mo- 
torized independently under program control, making it 
possible to select a large number of relevant excitation/ 
emission combinations. Four dichroic mirrors were ad- 
justed on a Zeiss motorized slide, using an autocollimator 
to eliminate image shift resulting from inaccurate mirror 
positioning. All filters and dichroic mirrors were pur- 
chased from Omega Optical (Brattleboro, VT). 

A Dage-MTI ISIT camera (Michigan City, IN), which is 
known to be sensitive to an illumination level of 5 x 10 4 
lux, was used. Digital images were obtained at a resolu- 
tion of 512 X 512 pixels at eight bits/pixel, providing 256 
gray levels. One pixel corresponded to 16 u>m in the 
image plane. 

Image Processing 

Image collection. The images were processed and 
analyzed with an IBAS 2000 image analyzer (Kontron, 
Eching, Federal Republic of Germany). This system uses 
a 486/66 MHz computer with 16 MB RAM and an MIAP 
2 array processor with a 16 MB video memory and a real 
TV video board. The software was IBAS release 2.5. Sets 



of fluorescent images of the same field were collected 
sequentially with appropriate pairs of excitation/emission 
filters. To compensate for variations in brightness due to 
different dye efficiencies, the excitation intensity was 
adjusted for each image by the two rotating polarizing 
filters. After each image collection, a shutter in the exci- 
tation light path was closed to minimize dye bleaching. 
Sequence of illumination was used for all preparations, 
beginning with the longest wavelength at 660 nm and 
ending with the ultraviolet (UV) excitation at 365 nm. 
For each preparation, the voltage was adjusted to the 
highest value that gave no saturation in the brightest im- 
age (generally, the PE image) and was kept fixed for all 
sequential acquisitions of the same field in order to avoid 
image rotation. The black level was not removed elec- 
tronically. An additional brightfieid transmitted image 
was used for segmentation and as alignment reference. 
All images were recorded by averaging 100 frames for a 
total exposure time of about 4 s. Images were stored on 
disk for further analysis. 

Selection and alignment of objects. The segmen- 
tation of objects from background was achieved by an 
interactive thresholding procedure, which was per- 
formed on the brightfieid image. A CLOSE operation con- 
nected incomplete oudines. Particles that were too small 
or dirt particles were removed on the basis of their size 
(less than 30 pixels). Attached spots were separated by a 
THINBIN procedure, which was used to erode object 
oudines. Objects were then filled. Detected objects were 
displayed as binary masks and were identified. An auto- 
matic step was used to discard objects touching the edge 
of the image frame and, finally, to check the objects to be 
quantified. Because the available emission filters did not 
have strictly parallel faces, object shifts occurred at the 
different excitation/emission combinations. Therefore, 
sequential images of the same field were realigned inter- 
actively with the brightfieid mask as reference. 

Image restoration. The following corrections were 
performed on each image to ensure accurate fluores- 
cence quantification. For shading correction, a set of ref- 
erence images (one per filter set) was acquired that con- 
sisted of a drop of saline solution placed onto a Hamax 
slide. Each image was divided, pixel to pixel, by its ref- 
erence and was multiplied by the mean gray level of the 
latter. Background correction was made by subtracting 
the modal value of the first peak of the gray level histo- 
gram obtained after shading correction. This value was 
considered to be a valid estimate of the field background, 
because it was unlikely to be influenced by cellular halos 
and impurities. The mean gray level originating fr° m 
light reflected by the surface of unlabeled beads was also 
subtracted. 

Image display and printing. The images shown in 
Figure 4 were obtained by converting the red, green, an 
blue images into .TIFF format and by exporting them to 
Photoshop software (Adobe, Mountain View, CA) for dis- 
play on a PC screen and graphical sublimation printing- 
Following automatic compression, the images were 
stored on Bernouilli cassettes. 
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j RESULTS 

Development of Seven-Dye Immunophenotyping 
Primary selection of probes and filter sets. Mul- 
tiple immunophenotyping required careful fiuoro- 
chrome selection. A spectrofluorometric evaluation of 14 
dyes was first performed to identify a combination of 
dyes that could be spectrally resolved (Fig. 2, Table 1). 
When two probes were found to display approximately 
the same excitation and emission spectra, the less readily 
available probe was discarded: For this reason, FITC, PE, 
and APC were chosen in place of Bodipy, Cy3, and CPQ 
respectively. TxR gave a weak signal compared with its 
tandem with PE (Red6l3) and also was discarded. For the 
other pairs of spectrally close dyes (i.e., AMCA/CB and 
Red670/PerCP), selection could not be made from spec- 
trofluorometric analyzes, and these had to be compared 
under image cytometry (see below). 

Appropriate pairs of excitation and emission filters 
were selected to optimize excitation and light collection 
while minimizing the crosstalk between fluorophores 
(Table 2). Excitation filters for AMCA/CB and LY were set 
to match mercury emission lines at 365 and 405 nm, 
respectively; a single filter at 485 nm was sufficient for 
excitation of FITC, PE, Red6l3, Red670, and PerCP, even 
though excitation of PE and PE tandems by the 546 nm 
line of the mercury lamp resulted in a greater signal-to- 
noise ratio than at 485 nm (34). APC excitation was set 
at 590 nm, slightly below its absorption maximum, in an 
attempt to reduce overlap with Cy5. Finally, Cy5 excita- 
tion was placed at 660 nm. Emission filters were set near 
the emission maxima of their respective dyes, except for 
Cy5, which was measured above 700 nm to facilitate 
spectral resolution from APC. 

Determination of crosstalk matrix by digital im- 
aging cytometry. Microbeads labeled with saturating 
concentrations of the different conjugated dyes were 
used. Emission intensities of all fluorochromes were re- 
corded under eight filter combinations, which are listed 
in Table 2. From these data, the crosstalk matrix of Table 
3 was obtained. The columns indicate the fluorescence 
intensities recorded for each fluorochrome with the dif- 
ferent filter sets; inversely, the rows record all dye emis- 
sions occurring through each of the filter combinations. 
This matrix, as shown below, served as the basic tool for 
both final dye selection and correction of spectral overlap. 

Final selection of probes and filter sets. The ma- 
trix provided clear criteria with which to achieve a de- 
finitive dye selection. CB and AMCA could be both used 
as UV-excited dyes. Other investigators have reported the 
superiority of CB over AMCA in terms of quantum yield 
and resolution (40). However, with the 410/530 nm LY 
set, CB, AMCA, and LY had emission intensities of 8, 3, 
and 47 units, respectively, indicating that AMCA was re- 
solved better than CB in the configuration used, whereas 
both dyes gave near identical emission efficiency with 
the 365/425 nm set. 

In the near UV region, LY has an interesting spectrum, 
it has approximately the same emission as FITC at 530 
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nm, but its absorption band is located at the lower wave- 
length of 410 nm. Although it has a rather weak efficiency 
(4.7% of PE; see Table 3), LY excitation is ideally placed 
between that of AMCA and FITC. Therefore, LY was in- 
eluded in the fluorochrome combination. 

In the group of 485 nm-excitable dyes, the most com- 
monly used (FITC and PE) are easy to separate for two- 
color immunofluorescence. Additional probes (i.e., 
Red6l3, Red670, and PerCP) that were introduced ini* 
tially for three- and four-color flow cytometry along with 
FITC and PE were evaluated in image cytometry. Al- 
though there is considerable overlap between the emis- 
sions of PE and Red6l3, the high signals provided by 
these two dyes allowed their spectral discrimination. 
PerCP was preferred to Red670, because its narrower 
emission spectrum facilitated its spectral discrimination 
from PE and Red6l3. 

Among red-emitting dyes, APC and CY5 were com- 
pared in image cytometry. Cy5 has a greater proportion 
of its emission above 700 nm than APC, but these two 
dyes could not be resolved spectrally when they were 
used simultaneously. This was due to the fact that too 
many dyes (i.e., PE, Red6l3, PerCP, APC, and Cy5) were 
detected with the 590/660 nm filter set, and this led to a 
spectral compensation that was too complex. The solu- 
tion implemented was to measure APC fluorescence with 
the 660/LP700 nm filter set, which was designed initially 
for Cy5, and to discard Cy5 from the probe combinatioa 
The spectra of the seven-dye combination that was se- 
lected with their respective excitation/emission filters 
are depicted in the left part of Figure 2. 

Modulation of image intensity. Because of the lim- 
ited dynamic range of the ISIT camera and also because 
better discrimination can be expected if all images have 
comparable brightness, it was necessary to modulate the 
source intensity with two rotating polarizing filters posi- 
tioned in front of the mercury lamp. The source intensity 
could be reduced up to 100-fold by turning the planes of 
polarization from parallel to perpendicular (Table 4> 
The polarizing filters could be rotated between each im- 
age collection, making it possible to adapt the lamp out- 
put to each dye. The bright signals, especially those of PE, 
Red6l3, and PerCP, were attenuated, while the weaker 
signals of LY and APC were relatively amplified. Further 
amplification of AMCA and LY emissions would have 
been useful, but this option was limited by the high back- 
ground in the UV region due to the strong intensities of 
the 365 and 405 nm lines of the mercury lamp and the 
insufficient blocking of the filters outside the mercury 
lines. Spectral overlap values recorded with relative am- 
plification were consequently increased, whereas the 
other ones were attenuated. Therefore, a second spectral 
crosstalk matrix was acquired by using output modula- 
tion. All subsequent recordings using spectral overlap 
correction coefficients derived from this second matrix 
were performed under the same conditions of illumina- 
tion adjustment (Table 4). 

Automatic spectral compensation. A set of linear 
equations describing the mathematical relationships be- 
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Fig. 2. Excitation (dashed line) and emission (solid line) spectra of U strep tavid in-conjugated 
fluorochromcs. Excitation/emission bandpasses arc indicated by light and heavy hatching, respec- 
tively, for die seven dyes that were finally selected for multl fluorescence imaging. 



tween all dye emissions was derived from the spectral 
crosstalk matrix (see Appendix). The equations were in- 
troduced into the image restoration program following 
the shading and background correction steps. The reso- 
lution of these equations was applied numerically to the 
mean gray level within each data region to yield the cor- 
rected value of each object. Pixelwise combinations were 
also computed by using the COMBINE procedure of the 
IBAS software to display corrected images. 



Evaluation of Seven-Dye Irnmunophenotyping 

Fluorochrome fading. Compared with free outp" 1 * 
the interposition of two polarizers in parallel directions 
reduced the source intensity to about 50%, which v/a* 
useful to reduce dye fading. Rates of fading produced 
with this baseline output in all cases were less that 10% 
during the 4-s exposure used. These were further slowc 
down by output modulation, except for the APC chanfl cl * 
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800 



Table 2 

Filter Sets Designed for Initial Evaluation of Spectral Overlaps in the Ten-Dye Se? 



Wavelengths (nm) 



Excitation 



Emission 



Fluorescent probe 



Center 



Bandpass 



Dichroic (50% ) c 



Center Bandpass 



AMCA/CB 


355 


40 


400 


425 


45 


LY 


405 


10 


510 


530 


30 


FITC 


485 


22 


510 


530 


30 


PE 


485 


22 


510 


575 


25 


Red6l3 


485 


22 


510 


630 


23 


PerCP/Red670 


485 


22 


510 


660 


32 


APC d 


590 


45 


620 


660 


32 


CyS/APC 1 


660 


40 


690 


70O 


LP e 



"All filters were interference filters from Omega Optical Inc., Brattleboro, VT. For fluorescent probe 
abbreviations, see Materials and Methods. 
''Total bandpass at half maximum transmittance. 
Wavelength of half maximum transmittance. 

d APC fluorescence was finally recorded with a 660/LP700 filter set in place of the 590/660 filter 
set (see text). 
This is a long-pass filter. 



Table 3 

Spectral Crosstalk Matrix for Initial Evaluation of the Ten-Dye and Filter Sef 



Mean emission intensity (arbitrary units) 



Filter sets (nm) b CB AMCA LY FITC 



PE 



Red6 1 3 PerCP Red670 APC Cy5 



365/425 
410/530 
485/530 
485/575 
485/630 
485/660 
590/660 
660/LP700 C 



107 
8 



100 
3 



8 
47 
6 



16 
176 
43 



11 
1,000 
225 
75 
102 



102 
347 
162 
234 



416 
32 
14 



40 
31 
556 
724 
52 



5 

154 
39 



29 
40 



*Ten dyes were measured in eight channels to evaluate their potential spectral resolution. All data 
are from streptavidin-conjugated fluorochromes bound to latex microbeads at saturation (for fluoro* 
chrome abbreviations, see Materials and Methods). Fluorescence intensities are expressed in arbitrary 
units relative to a value of 1,000 attributed to the fluorescence of PE at 575 nm. Columns indicate the 
fluorescence intensities of each probe recorded in all channels; rows record all dye emissions occur- 
ring through particular filter sets. 

b Filter sets are indicated by the center wavelengths of excitation and emission bandpasses. 

This is a long-pass filter. 



which was recorded without additional source attenua- 
tion. Fading was reversible in part during the period fol- 
lowing exposure, when the beam was shifted out from the 
preparation. Another way to reduce the influence of fad- 
ing on spectral crosstalk values was to use the same se- 
quence of illumination, beginning with the lowest energy 
notyping at 660 nm and ending with the highest one at 365 nm. 

Precision and linearity of spectral compensa- 
free output, tion. Microbead suspensions coated with different con- 
el directions i centrations of biotinylated IgGl were labeled with the 
, which was various dyes to obtain wide ranges of fluorescence inten- 
ig produced sities. They were visualized sequentially with each one of 
ess that 10% the filter combinations (Table 2). For each fluorochrome 
rther slowed microbead, emissions measured with its own filter set 
VPC channel, werc plotted against the emissions obtained with the 



other filter sets. An example of the spectral contamina- 
tions of PE-labeled beads is shown in Figure 3- The slopes 
of these curves indicate the percentage crosstalk of PE in 
other relevant emission filters, Le., 630 nm for Red6l3 
and 660 nm for PerCP/Red670. Similar measures were 
made for all possible dye and filter combinations. Accu- 
rate quantitative measurement of fluorescence intensities 
was checked by the stability of these crosstalk values 
when measured on a number of different fields. The CV 
of such repeated measurements was less than 6% for 
percentage crosstalk values above 10 and less than 9% for 
values between 3 and 10. The independence of spectral 
crosstalk from emission intensity values was ascertained 
by the linearity of these curves (correlation coefficient 
>0.90 in all cases). The accuracy of background and 
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Table 4 

Spectral Crosstalk Matrix for the Selected Filter and Seven-Dye Set* 



Mean emission intensity (arbitrary units) 



Lamp output 



Filter sets (nm) (adjustment factor ) c A MCA 



LY 



FITC 



PE 



Red6l3 



PerCP 



APC 



365/425 
410/530 
485/530 
485/575 
485/630 
485/660 
660/LP700 u 



0.46 
1.26 
0.70 
0.10 
0.35 
0.30 
2.90 



46.6(100) 3.6 (6) 
4.2 (9) 58.7(100) 
4.3 (7) 



20.6(17) 
1233(100) 

4.3(3) 



8.1 (8) 
100(100) 
78.9 (79) 
22.6 (23) 



10.2 (8) 
121.5 (100) 
48.7 (40) 



124.9(100) 
40.4 (32) 



4(1) 
111.7(100) 



a Data are from latex microbeads labeled at saturation with seven streptavidin-conjugated fluorochromes selected for multiparameter 
image cytometry (for fluorochrome abbreviations, see Materials and Methods). Spectral crosstalk values were measured under adap- 
tation of lamp output to the brightness of each dye. Fluorescence intensities are expressed in arbitrary units relative to a value of 100 
attributed to the fluorescence of PE at 575 nm. Columns indicate the fluorescence intensities of each probe recorded in all channels; 
rows record all dye emissions occurring through each of the filter sets. Figures in parentheses indicate percentage crosstalk values of 
each dye. 

b Filter sets are indicated by the center wavelengths of excitation and emission bandpasses. 
c Compared with data in Table 3, lamp output was multiplied by the factors indicated for each channel, 
^his is a long-pass filter. 



200 



ISO 



100 



50 



PE emission at 630 nm • 
at660nm V 




Intercept: 1.04 
Slope: 0.23 
R 2 :0.99 /• 



PE emission at 575 nm 
(arbitrary units) 

Fig. 3, Emission intensities of strep tavi din-conjugated R*phycocryth- 
rin (PE) bound to latex microbeads under three different filter sets. 
Latex particles were labeled with PE under various concentrations of 
bfo tiny la ted immunoglobulin (IgG)l in order to obtain a wide range of 
fluorescence intensities. Excitation was at 485 nm in each case. Over- 
lapping PE emissions in the PE-Texas red tandem Red6l 3 and peridinin- 
chlorophyll-protcin (PerCP) channels at 630 and 660 nm, respectively, 
are plotted vs. PE emission at 575 nm. Each point represents the mean 
gray level (in arbitrary units) of a single particle. The slopes of these 
curves correspond to the crosstalk values 225 and 75 listed in Table 3. 



shading corrections was established by the intercept of 
the regression lines with the axis origin. 
Accuracy of spectral compensation. To verify that 



correction of spectral overlap did not cause some parti- 
cles to be classified erroneously as positive or negative, 
two series of experiments were made. First, each of seven 
bead suspensions was labeled with one different dye 
then, all seven suspensions were mixed (Fig. 4A). The 
statistics of positive and negative objects, which are listed 
in Table 5, demonstrate the ability of the image cytom- 
etry system to detect accurately seven distinct probes in 
one field and to correct spectral contaminations originat- 
ing from any of these probes. The legend to Figure 4A 
illustrates how the algorithm described in the Appendix 
performs the spectral correction. Second, two suspen- 
sions were labeled with several dyes: The first suspension 
was labeled with AMCA, FITC, Red6l3, and APC, and the 
second suspension was labeled with LY, PE, and PerCP 
The two suspensions were then mixed together (Fig. 4B) 
Signal intensities corresponding to presence or absence 
of labeling are shown in Table 6. These data show that it 
is possible to identify multiple-labeled objects of different 
types on the same field. In addition, the S.D. of emission 
intensities recorded for negative objects provide a basis 
for determining the detection limit for each label. 

DISCUSSION 
This paper describes a methodology that is aimed a* 
optimizing multiple immunophenotyping and applying 11 
to the detection and measurement of seven SA-fluofO- 
chrome probes bound to latex microbeads. The mai n 
points of the strategy were 1) prelirninary selection oj 
fluorochromes and filter/mirror sets based on spectrol* 
luorometric data of strep tavidin-fluorochrome solutions. 
2) determination of the spectral crosstalk matrix fro 01 
cytometric measurement of labeled microbeads and re- 
selection of separable probes, 3) modulation of source 
intensity in order to harmonize the brightness of imag^' 
4) spectral compensation based on a set of linear eq" 2 ' 
tions derived from the modified crosstalk matrix, and 5) 
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Table 5 

Digital Fluorescence Imaging of Latex Microbeads Single 
Labeled With Seven Streptavidin-Conjugated Dyes* 

Mean emission intensity (arbitrary units) 



Table 6 

Digital Fluorescence Imaging of Latex Microbeads Multiple 
Labeled With Seven Streptavidin-Conjugated Dyes 11 

Mean emission intensity (arbitrary units) 



Fluorochrome 1 * 


Mean 


Min 


Max 


Mean 


S.D. 


Fluorochrome b 


Mean 


Min 


Max 


Mean 


S.D. 


AMCA 


46.5 


22 


89 


1.0 


1.8 


AMCA 


34.2 


27 


50 


1.5 


0.9 


LY 


59.0 


42 


95 


-0.5 


1.8 


LY 


30.0 


24 


39 


1.5 


2.3 


FITC 


123.9 


97 


178 


1.2 


Z2 


FITC 


59.0 


48 


73 


0.1 


0.6 


PE 


100.9 


39 


138 


0.2 


0.8 


PE 


47.6 


36 


62 


1.4 


1.6 


Red6l3 


120.5 


79 


153 


0.3 


2.1 


Red6l3 


56.6 


44 


78 


-l.l 


1.4 


PerCP 


126.8 


88 


189 


1.6 


2.4 


PerCP 


58.5 


43 


75 


3.7 


2.2 


APC 


113.1 


65 


177 


13 


2.9 


APC 


26.0 


19 


38 


-2.8 


1.4 



"Data from several fields (n = 87 beads) of the preparation 
depicted in Figure 4A were listed out in each fluorescence chan- 
nel after background and spectral overlap correction. Each ob- 
ject was considered to be positive in the fluorescence channel 
where it had the highest gray level and was considered to be 
negative in the six others. Statistics of positive and negative 
beads are indicated for each type of labeling. P values for un- 
paired t tests between positive and negative objects were 
<0.0001 for all fluorochromes. 

b For fluorochrorae abbreviations, see Materials and Methods. 



evaluation of accuracy and sensitivity of the procedure. 
The strategy was iterative, because steps 2—5 were re- 
peated until satisfactory discrimination was achieved. 

Because, when "n" markers are used simultaneously, 
the number of potential combinations of positive and 
negative probe emissions is 2 n , it may be necessary to 
analyze a few hundred cells to get significant population 
statistics. The maximum number of analyzable particles 
in one field is about 50 with the x40 objective used in 
this study; therefore, several fields of the same prepara- 
tion would have to be collected in a seven- parameter 
phenotyping study. To rapidly analyze larger samples, the 
wider field of view provided by a reducing camera lens 
would be required For instance, a X0.63 ocular lens 
could multiply both the light gathering power of the op- 
tical system and the viewing area by a factor of about 2.5. 

To ensure the stability of spectral compensation, the 
ISIT camera was used at constant gain, a procedure that 
considerably limited its interscene dynamic range. Keep- 
ing the fluorescence of the seven probes on scale was 
made possible by tuning the excitation intensity with two 
polarizers for each dye collection. However, although ex- 
citation adjustment can extend the interscene dynamic 
range of the camera, this procedure does not affect its 
capacity to record widely variable emission intensities 
within a given field, i.e., its intrascene dynamic range 
(38). In cases where, in a given field, strongly labeled 
cells emit a saturating nonquantifiable signal (whereas 
some others give a barely detectable one), two methods 
may be proposed to extend the usable dynamic range 
available with the ISIT camera, whose range is intrinsi- 
cally limited by its eight-bit gray level scale. First, two 
images recorded at low and high illumination may be 
merged after calculating a corrected intensity on each 
cell. Second, a double recording can be dispensed with if 



"Data from several fields (n = 30) of the preparation illus- 
trated in Figure 4B were listed out in each fluorescence channel. 
Each object could be attributed to one of two populations: The 
first one was labeled with AMCA, FITC, Red6l3, and APC and 
was negative for LY, PE, and PerCP, and the second one was 
labeled with LY, PE, and PerCP but was negative for AMCA, 
FITC, Red6l3, and APC. Statistics of emission values corre- 
sponding to presence or absence of labeling are indicated in 
each probe channel. P values for unpaired t tests between pos- 
itive and negative objects were <0.O00I for all fluorochromes. 
b For fluorochrome abbreviations, see Materials and Methods. 



a camera with a much wider dynamic range, such as a 
12-16 bit CCD camera, is used. 

Based on the strategy developed in this study and the 
available equipment, we found that seven SA fluoro- 
chromes can be discriminated and measured. However, 
this is by no means the maximal number of probes that 
can be used in the context of immunophenotyping appli- 
cations. For instance, utilization of Cy7 would only re- 
quire a camera with sufficient sensitivity in the infrared 
region (31). Detection of propidium iodide-stained cells 
using a 360/620 filter set may be indispensable to ensure 
viability of the cells to be immunophenotyped and 
would be compatible with the dye combination used in 
this study. Europium chelates also have large Stokes shifts 
(29) and may have applications in the future. 

Previous works have reported successful discrimina- 
tion of seven probes by combinatorial analysis. These 
studies used probes labeled with mixtures of three dyes 
that were combined to provide up to seven color com- 
binations (20,25). Combinatorial analysis is applicable 
when a given site (for instance, a chromosomal segment) 
will bind only one specific fluorescent probe. In the tech- 
niques described here, each cellular marker has to be 
labeled with a distinct fluorochrome, because a given 
cellular target may possibly be occupied by several anti- 
gens. 

The application of the methodology developed here to 
cell labeling has several implications. It would be advis- 
able to conjugate the weakest f luorophores to the anti- 
bodies that are expected to yield the strongest labeling. 
The amplification provided by indirect labeling via bi- 
otin-streptavidin or antiisotype can also help to increase 
the detection of these less intense f luorophores. Cellular 
preparations can also show a higher background in the 
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^MCA, LY, and FITC channels because of autofiuores- 
cence. Unless the latter can be eliminated from the cell 
preparation, it must be corrected by using digital imaging 
methods, such as subtracting the mean fluorescence ±3 
S,D. determined on a negative control preparation. An 
additional consideration is the large variability of cellular 
antigen density, which may span up to four orders of 
magnitude of fluorescence intensity. Therefore, the wide 
dynamic range provided by CCD cameras may be re- 
quired in order to permit accurate quantification and cor- 
rection of cellular signals. 

Multiple parameter phenotyping will certainly help to 
assess complex phenotypes in a single-labeling proce- 
dure, especially when one or several probes are expected 
to react with a small percentage of the population of 
interest In such cases, it may be difficult to find unequiv- 
ocal relationships from a series of two- or three-color 
labelings. This technique can also prove to be useful for 
the phenotyping of small samples, such as hemopoietic 
colonies in the early stages of their development. In many 
cases, the need for large ceil numbers by flow cytometers 
may lead to a severe limitation of the numbers of usable 
probes. Image cytometry, however, requires only a few 
thousand cells to perform such an analysis. 
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Fig. 4. Multiparameter fluorescence imaging of seven fluorochromes 
bound to latex microbeads. Image processing of a relevant field of two 
distinct preparations are displayed. A: Seven bead suspensions were la- 
beled with aminomcthylcoumarin acetate (AMCA), Lucifer yellow (LY), 
fluorescein isothlocyanate (FITC), PE, Red6l3, PerCP, or allophycocya- 
nin (APC), and allquots were mixed In a single suspension. B: Micro- 
beads were stained either with AMCA, FITC, Red6l3, and APC or with 
LY, PE, and PerCP and were mixed In a single suspension. For each field, 
seven fluorescent images were acquired by using the filter sets depicted 
in Figure 2. They are Indicated by their corresponding fluorochromes. 
The image termed "selected" represents the binary masks of objects to 
be quantified. The brightfield transmitted Image is also displayed. All sets 
of nine images are displayed in the same order. Image processing is 
depicted in three steps. Fluorescent images are displayed without image 
correction (top set of nine squares), after background and shading cor- 
rection (middle set of nine squares), and after the COMBINE procedures 
used to correct for spectral overlaps (bottom set of nine squares). To 
illustrate the algorithm used by the spectral compensation routine, con- 
sider the middle and bottom sets in A. The equations for correction of PE, 
Red6l3, PerCP, and APC emissions are Equations 4-7 In the Appendix. 
Note that the three PE*7Red6l3 + cells shown in the middle set are 
found to be PE + /Red6l3~ in the corrected bottom set, because Equation 
5 for Red6l3 contains a term (-0.85 Em4) that subtracts a fraction of 
measured PE emission from measured Rcd6l3 emission Similarly, a PE"/ 
Red6l3 + /PerCP + cell in the middle set Is found to be positive for 
Red6l3 only after correction (bottom set). Of the several cells In the 
PerCP and APC images in the middle set, three are PerCP + , and two are 
APC + after correction In the bottom set. 
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APPENDIX: CALCULATION OF SPECTRAL 
OVERLAP CORRECTIONS 

The determination of the fluorescence intensities of 
each of the seven dyes requires the resolution of a set of 
seven linear equations in seven unknowns and is an ap- 
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plication of multicomponent analysis (24). The un- 
knowns (Fl . . . F7) are the actual emissions of AMCA, LY 
FITC, PE, Red6l3, PerCP, and APC, respectively, when 
cleared of crosstalk from the others. The measures (Eml 
. . . Em7) are the total emissions originating from am 
fluorochrome and detected within each filter set (see 
Table 4). The system can be written as the following 
equations: 

Eml = Fl + bl F2 + cl F3 + dl F4 + cl F5 + fl F6 + gl F7 
Em2 = alFl + F2 + c2F3 + d2 F4 + e2F5 +f2F6 + g2F7 
Em3 = a2Fl + b2F2 + F3 + d3F4 + c3F5 + BF6 + g3F7 
Em4 = a3Fl +b3F2 + c3F3+ F4 + e4 F5 + f4 F6 + g4 F7 
Era5 = a4Fl + b4 F2 + c4 F3 + d4F4 + F5+f5F6 + g5F7 
Em6«a5Fl + b5 F2 + c5 F3 + d5F4 + c5 F5 + F6+g6F7 
Em7 = a6Fl +b6F2 + c6F3 + d6F4 + e6F5 + f6F6+ F7 

The coefficients al-a6 . . . gl-g6 represent the crosstalks | 
of a particular dye in adjacent filter sets. For instance, d3 | 
is the fraction of the fluorescence of FITC at 530 nm thai 1 
can be detected at 575 nm. These coefficients were mea I 
sured experimentally under standardized conditions of I 
lamp intensity and exposure times, and many of these 
were found to be equal to zero (see Table 4). By using 
percentage crosstalk values, the set of equations can be 
rewritten in a much simpler way: 

Eml = Fl + 0.06 F2 
Em2 = 0.09 Fl + F2 + 0.17 F3 
Em3 = 0.07 F2 + F3 + 0.08 F4 
Em4 = 0.03 F3 + F4 + 0.08 F5 
Em5 = 0.79 F4 + F5 

Em6 « 0.23 F4 + 0.40 F5 + F6 + 0.01 F7 
Em7 = 0.32 F6 + F7 

or in matrix form: 
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which in simplified form is written: 

A • X = Y. 

The unknowns of vector X can be solved by the equation: 

X = A<-'>.Y, 

where A (_,) is the following inversed matrix of A. 
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MULTIPLE IMMUNOPHEN0TYPIKG BY IMAGE CYTOMETRY 

Fl = 1.01 Em I - 0.06 Em 2 + 0.01 Em3 



The inverse matrix can be written as a set of linear equa- 
tions, which can be resolved by image processing to yield 
corrected emission intensity values. 



U F7 



F2 = -0.09 Bml + 1.02 Em2 - 0.17 Era3 + 0.01 Em4 

F3 = -0.07 Em2 + 1.02 Em3 - 0.09 Em4 

F4 = -0.03 Em 3 + 1.07 Em4 - 0.09 Era 5 

F5 = 0.03 Em3 - 0.85 Em4 + 1.07 Em5 

F6 = 0.10 Em4 - 0.41 Em 5 + Em6 - 0.01 Em7 

F7 = -0.03 Em4 + 0.13 Em 5 - 0.33 Em 6 + Em7 
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Figure 1. (a) Total cell density and (b) viability measured by 
traditional microscopic methods (O) and Microcyte (v) during 
hybridoma batch culture. 

Briefly, cells were harvested by centrifugation (200 x £, 
ambient temperature, 5 min) and washed in 500 fiL of 
cold phosphate buffered saline. The cell pellet was 
resuspended in 100 /<L of incubation reagent containing 
biotin-conjugated Annexin-V and dark incubated for 15 
min Cells were then recentrifuged and resuspended in 
100 uh of binding buffer (10 mM HEPES/NaOH, 150 mM 
NaCl, 5 mM KC1, 1 mM MgCl 2 , 1-8 mM CaCl 2 , pH 7.4) 
containing 2 ug/mL streptavidin-conjugated allophyco- 
cyanin (Molecular Probes, OR). After 15 min of dark 
incubation, samples were diluted to 500 /<L with binding 
buffer, mixed thoroughly, and analyzed immediately. 

Results 

Cell Count and Viability. The batch culture growth 
curves produced by Microcyte and the traditional manual 
method were essentially identical and are shown m 
Figure la. However, the point to point curve generated 
from the Microcyte data was smoother than that gener- 
ated by the manual method, possibly indicating greater 
error in the manual method. From the same batch 
culture, the two methods gave viability curves with 
similar profiles (Figure lb). However, when viability was 
below approximately 80% the results obtained by Micro- 
cyte were consistently higher than those obtained by 
microscopy. Measuring cell density and viability, as 
described in the Methods section, took 15 min, compared 
with 1-2 min for the Microcyte method. 

Detecting Apoptosis. The Microcyte was also used 
to monitor the onset of apoptosis. In the untreated 
culture, spontaneous apoptosis occurred at very low levels 
and barely changed during the experiment (Figure 2 a). 
However in the camptothecin-treated culture, the propor- 
tion of apoptotic cells started to rise dramatically after 4 
h, with all cells apoptotic by 9 h (Figure 2b). The Myo- 
cyte's speed of analysis allowed cultures to be sampled 
frequently, thus pinpointing the onset of apoptosis (be- 
tween 3.5 and 4 h) much more accurately. At the same 
time the size (as forward scatter) of the apoptotic sub- 
population was recorded (Figure 3 a-d), demonstrating 
that apoptotic cells are smaller than the general cell 
population. 
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Figure 2. Time course of apoptosis development in (a) un- 
treated control and (b) camptothecin-treated hybndoma cul- 
tures, showing total cells (O) and apoptotic cells (v). 

Discussion 

The cell density profiles produced by the manual and 
Microcyte methods were essentially the same. This was 
also true for the first part of the viability profiles, 
although after approximately 40 h culture, when viability 
was below about 80%, that determined by Microcyte was 
consistently greater than that determined by the tradi- 
tional manual method. This apparent discrepancy be- 
tween the two methods may be simply explained by the 
use of different stains. It is generally accepted that 
different exclusion stains exhibit different properties; a 
dying cell membrane may be permeable to one stain but 
not to another. Fortunately, since this difference only 
occurs in lower viability samples, it is unlikely to be of 
any great practical importance for process monitoring 
applications; production processes are normally termi- 
nated before viability drops as low as 80%. 

It has already been shown that cell counting and 
viability determination by flow cytometry (using a Coulter 
EPICS Elite) can be applied to animal cell production 
process monitoring. Flow cytometry is more precise, as 
accurate, less subjective, and much faster than using the 
traditional manual microscopic method (6). One major 
drawback to routine flow cytometric analysis that was 
found by the previous work was simply the cost, scale, 
and complexity of the instrument upon which the meas- 
urements were made. This work demonstrates that the 
smaller, cheaper, simpler, portable Microcyte flow cy- 
tometer is able to address these problems. The Microcyte 
performs as well as the manual method for determining 
cell density and cell viability, just as did the large 
research instrument, while maintaining all the inherent 
advantages of speed, accuracy, precision, and objectivity 
(no interobserver variation) shown by the research 
instrument. 

Thus the Microcyte is an ideal tool for culture monitor- 
ing in a bioprocess production environment, because for 
this purpose it displays three major practical advantages 
over a conventional flow cytometer. It is portable and so 
can be taken to the point of sample. Its robust simplicity 
means that it can be used by production staff with 
minimal training or supervision. Its cost is of the same 
order as a quality microscope that would needed for the 
alternative traditional method. 

Much research has been done in the life sciences to 
try to understand the mechanisms of apoptotic cell death 
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Figure 3. Cell size distribution (as forward scatter) of the total 

population (dotted upper line) and the apoptotic fraction 

(solid lower line) (a) before induction and (b) 3 h t (c) 6 h, 

and <d> 9 h after addition of camptothecin to induce apoptosis. 

and the signals that trigger apoptosis. In animal cell 
biotechnology it is accepted that, when subjected to 
massive stress, cells die by necrosis, although when 
subjected to less severe but perhaps more sustained 
stress, cells initiate and ultimately die by the apoptotic 
pathway. Some of these less severe stresses include 
accumulation of toxic metabolites, nutrient depletion, 
hypoxia, and hyperoxia (7). Recent work by Plasier et al. 
(8) has shown that measuring apoptosis in hybridoma 
cultures using Annexin-V in conjunction with propidium 
iodide to detect necrosis and followed by flow cytometry, 
manual microscopy, or image analysis microscopy all give 
very similar results. Because the Microcyte is only 
equipped with a single fluorescence detection channel, 
directly comparable results could not be obtained; there 
was no means to distinguish between early apoptotic and 
late apoptotic (necrotic) cells. However, the Microcyte was 
able to detect apoptotic cells (early and late apoptotic 
(necrotic) together), and the time course of their appear- 
ance was similar to that of previous work (8). The size of 
cells in the apoptotic subpopulation was compared with 
that of the general population and showed, in agreement 
with other work (4, 8) as well as the general consensus, 
that the cell size of the apoptotic population is smaller 
than that of "normal" cells. However, there is marked 
overlap in the size distribution of the two populations. 
Having demonstrated the Microcyte's ability to count 
annexin-V stained cells allows the possibility of using the 



instrument to monitor cell surface markers or intracel- 
lular epitopes during culture processes and correlate 
these observations with cell size. 

Furthermore, there remains the prospect of automated 
on line process monitoring and control. In 1999, Zhao et 
al. (9) published work demonstrating an on line process 
monitoring and control system for yeast and bacterial 
fermentations based upon an Ortho Cytofluorograf flow 
cytometer. The latter have not been available or even 
supported by the manufacturers for several years. How- 
ever, the Microcyte offers an excellent alternative that 
could easily be incorporated into a similar bioproduction 
process management system for animal (or yeast) cells. 

Conclusions 

The Microcyte is an excellent tool for the rapid and 
accurate enumeration of animal cells in suspension 
culture. It provides similar results to the established 
manual counting and staining techniques, with advan- 
tages of reduced intra- and inter-observer variation, 
increased speed of analysis, and the ability to count large 
numbers of cells, leading to more statistically valid 
results. The Microcyte can also be used to detect apoptotic 
cells, using the annexin-V affinity assay, not only at the 
high levels seen when apoptosis is induced but also when 
apoptosis is at low background levels in a healthy culture. 
The Microcyte is an ideal flow cytometer for use in 
process biotechnology applications and has the potential 
for inclusion, as the core analytical unit, in an on line 
process monitoring/control strategy. 
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We developed the chemistry, instrumentation, and 
software technologies needed to measure, simulta- 
neously and independently, eight different fluores- 
cent molecules on Individual cells. Conjugation of 
these fluorochromes to monoclonal antibodies is 
straightforward; all immunofluorescence staining is 
accomplished with direct stains only. We built a 
hybrid flow cytometer with eight fluorescence detec- 
tors and two light scatter channels, with excitation 
provided by three spatially separated laser beams 
emitting at 407 nm, 488 nm, and 595 nm. The 
fluorescence compensation required to make the 
data orthogonal is of sufficient complexity that it 
cannot be performed manually; thus, we use soft- 
ware to compensate the data post hoc, based on data 
collected from singly stained compensation control 
samples. In this report, we evaluate the 8 color 



staining technology. Of the seven fluorochromes 
other than fluorescein, six have a useful brightness 
at least as great as fluorescein. Three of the fluoro- 
chromes (phycoerythrin, allophycocyanin, and the 
Cy5 resonance energy tandem of phycoerythrin) are 
considerably brighter than fluorescein and are use- 
ful for detecting antigens expressed at low levels. 
Finally, we show the power and utility of the 8 color, 
10-parameter technology using staining experi- 
ments on both human and murine immune systems. 
Cytometry 29:328-339, 1 997. © 1997 Wiley-Liss, Inc. 
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The advantages of multicolor flow cytometric analysis 
are well known; over the past 25 years there has been a 
continuous desire to analyze simultaneously more param- 
eters of each cell. Nonetheless, developments to increase 
the number of useful parameters has stagnated over the 
past 15 years— 4 color analysis (first performed in the early 
1980s) has been supplanted by 5 color analysis in very few 
laboratories. Three reasons contribute to this relative lack 
of progress: 1) the low number of available fluorochrome 
conjugates; 2) the extreme limitations imposed by extant 
software, which did not allow for the complex types of 
analyses and postcollection compensation required by 
high-order multiparameter collections; and 3) the difficulty 
in adapting commercial flow cytometry platforms to ana- 
lyze simultaneously more than four or five fluorescences. 

The need for more than 5 color analysis has become 
very clear. The complexity of the immune system is such 
that identification of phenotypically (and functionally) 
homogeneous subsets requires the simultaneous measure- 
ment of at least six cell surface antigens. Using peripheral 
human T cells as an example: a minimum of three antigens 
are required to identify uniquely T cell lineages (i.e., CD3, 
CD4 ( and CD8; all three must be present to resolve the 



CD4'CD8" and CD4 + CD8 + from the single positive T 
cells). In addition, another three colors are required to 
identify functionally distinct memory lineages (e.g., 
CD45RA, CD62L, and CDlla). Unique Identification of B 
cell subsets requires at least three measurements and NK 
subsets require at least four. Unless subsets are uniquely 
identified by appropriate multiple markers, comparative 
functional studies between individuals will be artefactually 
affected by a differential (and unknown) representation of 
unresolved, functionally distinct subsets. 

High-order multiparametric analysis Is also required to 
combine functional and phenotypic analyses. For instance, 
the assignment of "Thl" or "Th2" to a particular cell (or 
subset) requires not only the phenotypic markers noted 
above, but also two additional measurements devoted to 
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Fig. 1. Diagrammatic layout of the 10-parametcr flow cytometer. Our 
system Is a hybrid consisting of a FACStarPlus bench, Cytomatlon 
electronics, and our own electronics and computer system. The Cytoma- 
tlon electronics Is used to amplify (log or linear mode), evaluate, and 



digitize the signals from the PMTs. Electronics designed and built In our 
laboratory allows the computer to set PMT voltages, Interface the bench 
signals to the MoFlo electronics, and handle Instrument-to-computer data 
transfers. 



intracellular quantitation of cytokines such as lnterleukln-4 
and 7*interferon. In addition, it Is useful to combine other 
functional measurements such as cell cycle analysis or 
apoptosis with complete phenotypic identification of cell 
subsets. 

In the past two years, we have made significant ad- 
vances in the hardware, software, and reagents for flow 
cytometry analysis. As a result, we have Increased our 
capabilities to the level of seven colors (plus forward and 
side scatter) with two-laser excitation and eight colors 
with three-laser excitation. Our reagents include the more 
commonly-used fluorochromes fluorescein (FITC), phyco- 
erythrin (PE), Cy5PE. Texas Red (TR), allophycocyanin 
(APC), and Cascade Blue (CB); to this combination we 
added two relatively new tandem dyes: Cy7PE and Cy7APC. 
The development and spectral properties of Cy7 tandem 
dyes for use in immunoglobulin staining experiments has 
been previously described (23). 

Here we describe in detail the development of the 8 
color, 10-parameter system. We compare the eight differ- 
ent fluorochrome reagents for use in immunostaining 
experiments and describe the complex compensation 
required for analysis. Finally, we show two examples of 8 
color staining to demonstrate the power of this approach 
in dissecting the immune system. 

MATERIALS AND METHODS 
Antibody Reagents 

Unconjugated antibodies were either purified from 
ascities or tissue culture supernatant or obtained in concen- 
trated form from PharMingen (San Diego, CA). Conjugated 
antibodies were prepared in our laboratory with the 



exception of FITC CD8 and CySPE RA3-6B2 (PharMingen). 
Conjugation of all reagents was done as previously de- 
scribed (21), 

Cell Staining and Analysis 

Human PBMC or mouse bone marrow leukocytes were 
obtained by standard methods; at least 10 6 cells were used 
for each stain. Cells were stained on ice for 15 min with 
fluorescently conjugated antibodies and then washed 
three times with staining medium (biotin, flavin-deficient 
RPMI supplemented with 4% newborn calf serum and 
0.02% sodium azide). For murine cell analysis, 1 mM EDTA 
was added to the staining medium to reduce cellular 
aggregation. Flow cytometry analyses were performed on 
a hybrid instrument (as described below). Data were 
collected by FACS-Desk (18) and compensated and ana- 
lyzed using Flowjo (TreeStar, San Carlos, CA). 

Cytometry Hardware 

The instrumentation used for this report is a hybrid (Fig. 
1). The main optics bench was derived from a FACStarPlus 
(Becton Dickinson, San Jose, CA). MoFlo electronics (Cyto- 
mation, Fort Collins, CO) was used to collect and digitize 
the data from the ten parameters at 12-bit resolution. 
Finally, our own electronics was used to control the 
photomultiplier tube (PMT) voltages, interface the signals 
from the bench to the MoFlo, and to handle data transfers 
to the VAX system. 

Laser excitation was provided by two primary lasers and 
a dye head. A 5-watt Innova-90 Argon ion laser (Coherent, 
Sunnyvale, CA) was run in "all lines" mode; a dichroic 
mirror near the output of this laser reflected part of the 



330 



ROEDERER ET AL. 



shorter wavelength light (mostly 488 run) away from the 
main beam. This beam was filtered to pass only 488 nm 
light and was steered into the first laser position below the 
nozzle. The remainder of the "all lines" beam was directed 
into a dye head tuned to 595 nm; the output of the dye 
laser was steered into the third laser position. Finally, the 
second laser on the bench was a UV-violet-enhanced 
Innova-300 Krypton laser (Coherent) operating with 407 
nm emission steered into the second laser position below 
the nozzle. Thus, three parallel but non-coiinear beams 
were used for excitation. Appropriate delay timing was set 
to collect fluorescences arising from each of the three 
different excitation beams. 

The optical layout was an extension of the standard 5 
color layout available on the FACStarPIus (Fig. 2). The 
primary difference is the presence of three separate 
apertures, two of which are backed by 45° mirrors, at the 
focus of the fluorescence signals (Fig. 2, inset). This 
assembly directs each of the three laser emissions to a 
different set of photomuitlplier tubes (PMTs). The dichroic 
and interference filters used for each channel are shown in 
Figure 2. Note the presence of additional relay lenses used 
in the extended optical layout to ensure proper delivery of 
light onto the detectors. We used standard PMTs for all 
detectors except the Cy7 channels, for which we used 
Hamamatsu R3896 (red-sensitive) PMTs. The R3896 PMTs 
gave an increase in signal-to-noise of approximately two- 
fold for Cy7 signals; we found no benefit from using an 
R636 Gallium-arsenide PMT (data not shown). 

RESULTS 
Fluorochrome Reagents 

The ability to measure simultaneously many different 
fluorescences on individual cells has two requirements: 
multiple non-coiinear excitation beams and a spectral 
resolution which minimizes emission overlap. We mini- 
mized detector cross-talk by appropriate selection of dyes 
and excitation conditions (including laser wavelength and 
power). In addition, we selected optimal optical filters to 
minimize signal overlap without losing too much intensity 
(Fig. 2). 

Fluorochromes chosen for immunophenotyping should 
be as "bright" as possible in order to achieve the greatest 
sensitivity. Brightness, as used in this report, is an empiri- 
cal quantity that relates not only physical properties, 
including the extinction coefficient, lifetime, and quantum 
efficiency of a given fluor, but also detector sensitivity, 
background noise, and autofluorescence contributions 
from cellular material in that portion or the spectrum. To 
date, fluorescein (FITC), Texas Red CTR), the phycobilipro- 
teins phycoerythrin (PE) and allophycocyanin (APC), and a 
resonance energy transfer tandem dye CySPE have been 
commonly used in flow cytometry analyses because they 
are bright and spectrally well-resolved dyes. To extend the 
capabilities to 8 color analyses, we chose the new tandems 
Cy7PE and Cy7APC (23), because these are well resolved 
spectrally from the others. In addition, we use Cascade 
Blue (CB) excited by a 407 nm Krypton laser line (manu- 
script in preparation). 



The fluorescence spectra of these eight dyes are shown 
in Figure 3. For any given excitation beam, the fluores- 
cence emissions are well resolved, such that interference 
filters that selectively pass the primary fluorescence of 
interest can be easily chosen. 

Useful Brightness of Fluorochromes 

In order to assess the brightness (and utility) of these 
fluorochromes, direct conjugates of anti-human CD8 were 
conjugated with each. Saturating concentrations of the 
antibodies were used to stain human PBMC in combina- 
tion with either FITC CD3 or CB CD3; the histograms 
corresponding to the CD3+ cells from each of the stained 
samples are shown in Figure 4. Each of the fluorescent 
dyes resolves CD8 T cells from other T cells very well; all 
of the dyes except CB appear to separate these cells from 
CD8" T cells as well or better than FITC. Indeed, quantifi- 
cation of the peak positions shows that this is the case, as 
shown in Table 1 . 

The useful brightness of a conjugate can be evaluated in 
several ways. The simplest is the ratio of the median 
signals of the positive to unstained cells. However, this 
does not take into account that the distribution of the 
negative population may be quite different for different 
spectral regions. Indeed, for the far-red channels there are 
so few photoelectrons (on the order of 1-10) collected for 
unstained ceils that the absolute signal level of these cells 
is not necessarily meaningful. 

Another measure of useful brightness Is the resolution of 
the two peaks (positive and negative). In Table 1, this 
value was calculated by normalizing the signal level of the 
positively stained cells to a measure of the variation in the 
negative population. This is a value akin to a "t-score"; it is 
related to how well separated the peaks actually are and 
makes no assumptions about absolute signal levels for 
either the stained or unstained populations. For our 
instrument, the amount of signal in the far-red channels is 
so low for the APC and Cy7APC channels that the "autofluores- 
cence" peak actually bifurcates — into events with zero or one 
photoelectrons. This increases the peak width of the autofluo- 
rescent cells, thereby significantly reducing this particular 
brightness estimator for APC and Cy7APC. 

A final measure of brightness also takes into account the 
general "stickiness" of the reagents— the tendency of 
some fluorochrome conjugates to display increased nonspe- 
cific binding to cells (Table 1). To quantify this value, the 
signal level of the positively stained cells is compared to 
the signal level of CD8" cells present in the stained 
population— cells that have autofluorescence equivalent 
to the CD8 + lymphocytes (data not shown). 

All three measures of brightness give the same general 
order when comparing reagents (the main difference 
being the absolute value of the computed brightness). CB 
is the least bright, being about one-third the brightness of 
FITC. FITC, Cy7PE, and Cy7APC are roughly equivalent. 
TR is about threefold brighter than FITC (but suffers from 
unusually high background binding commonly observed 
for TR reagents). Finally, PE, CySPE, and APC are 5-10 
times as bright as FITC. This order is consistent with the 
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Fic. 2 Diagrammatic layout of the optics. The block diagram shows the 
layout of the H detectors on the modified FACStarPlus bench. For this 
report, the UV2 detector was not used The Cy 5 PE and Cy7PE detectors 
are rotated 90 degrees out of the plane of the optics block In order to 
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point away (backwards) from the nozzle area, whereas all other PMT 
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brightest reagents being farther red in the spectrum; 
however, for the Cy7 tandems the transfer efficiency as 
well as the detector efficiency at >750 nm is dropping off 
sufficiently that their brightness is less than APC or CySPE. 

Complex Compensation 

While the fluorescence emissions are well-resolved, 
there Is still considerable spectral overlap. In other words! 



most of the fluorochromes show appreciable signal in 
more than one detector. The exception to this is CB f 
which has no emission components from the detectors for 
488 nm or 595 nm excited dyes; likewise, none of the 
other fluors is excited by the 407 nm line to emit at 
440 nm. 

To correct for the spectral overlap, compensation must 
be performed to make the measured values orthogonal. 
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Fig. 3. Fluorescence spectra of the eight fluoro- 
chromes used In these studies. Excitation and emis- 
sion spectra for the fluorochromes arc uncorrected 
for detector sensitivity. Thus, the relatively low peak 
In the far-red region for the Cy7 emissions Is not 
necessarily reflective of the brightness of Cy7 re- 
agents. In addition, the extremely low autofluores- 
cence of cells In the far red Increases the slgnal-to- 
noUc for these reagents. The wavelengths of the 
excitation beams arc shown by vertical bars; the 
bandpass region for each detector Is shown as a 
shaded region. 



Because of the great number of different corrections 
required for the 8 color system, compensation cannot be 
performed manually using pair-wise controls, as are found 
on commercial flow cytometers; complete compensation 
requires computer assistance. Because we currently do 
not have such a system designed into the electronics, we 
collect uncompensated signal values and use software to 
compensate the data at the time of analysis (24). 

To compensate a sample properly, we singly stain cells 
with representative reagents for each fluorochrome. These 
singly stained samples are collected and analyzed; the 
compensation matrix can be computed from the resulting 
fluorescence measured in all of the channels. A typical 
spillover (spectral overlap) matrix is given in Table 2. The 
values in this table directly show the amount of fluores- 
cence from any given fluorochrome detected in the other 
channels. 

In order to perform the compensation, this matrix must 
be inverted to generate the compensation coefficient 
matrix (24). The matrix resulting from this operation in 
Table 2 is shown in Table 3; the values in Table 3 are those 
that correspond most closely to the compensation values 
that are set on typical instruments performing pair-wise 
compensation between two fluorescence channels. 

Application to Murine Leukocyte Staining 

We explored the utility of using eight colors for flow 
cytometric phenotyptng of mouse bone marrow cells. In 



this case, in place of FITCconjugated monoclonal antibod- 
ies we used the FITC detector to detect BEX GFP (blue- 
excited Green Fluorescent Protein) expression (2) . Unlike 
other GFPs which lack the S65T mutation, BEX is primarily 
excited at 488 nm. with little excitation at 407 nm. Thus, 
the krypton laser can be used for the excitation of CB 
without significant compensation with BEX (manuscript in 
preparation). The mice from which we obtained bone 
marrow expresses BEX as a transgene driven by an H2-K 
(class I MHC) promoter; expression of the BEX GFP is 
closely correlated with H2-K expression in individual cells 
(manuscript in preparation). The transgenic mice used in 
these experiments have detectable BEX expression in 
20-40% of hematopoietic cells. As transgenic mice derived 
from a separate founder exhibit GFP transgene expression 
in almost all bone marrow cells (RG, unpublished results), 
the lower frequency of BEX expression in these animals is 
most likely due to a position effect at the transgene 
insertion site. 

In order to investigate transgene expression within the 
B cell lineage, we stained cells with the panel of seven 
monoclonals indicated in Figure 5 (IgM, CD22, IgD, B220, 
Gr-1, AA4.1, and HSA). In addition, the dye propldium 
iodide was used to detect and exclude dead cells (6) in the 
CySPE channel, without significant overlap with B220- 
CySPE-positlve cells. Figure 5 shows that a significant 
fraction of Gr-1+ cells (a marker of the myeloid/granulo- 
cyte lineage (8)) express GFP. Smaller fractions of B220- 



8 COLOR, 10-PARAMETER FLOW CYTOMETRY 



333 




Fluorescence Intensity 



FIG. 4. Comparison of the staining properties of antl-CD8 conjugated to 
each of the eight fluorochromes. Antl-CD8 was conjugated to each or the 
fluorochromes; the reagent was used In saturating titers to stain human 
peripheral blood mononuclear cells. In addition, CD3 was used as a 
counterstaln In each sample; for CB CD8, FITC CD3 was used; for all 
others, CB CD3 was used. Histograms of unstained lymphocytes and the 
stained CD3 + T cells are overlaid for each detector. The relative brightness 
of each of these reagents, computed In various ways, Is shown In Table 1 . 



positive cells (a B lineage marker in most cases (3, 25)) and 
Gr-l-negatlve, B220-negative cells express BEX. Gr-1 + cells 
were excluded from further analyses; this gating elimi- 
nates not only Gr-1 + cells but also the most autofluores- 
cent cells as well as cells that express Fc receptors. 
Examination of all B220 + Gr-l-negative cells for the 
expression of IgD and IgM (data not shown) revealed three 
distinct populations of cells. For convenience, we define 
IgD + IgM l0/+ cells as Population I, IgM + IgD~ /l0 (i.e., IgM + f 



Table 1 

Relative Brightness of the Eight Probes 
in Immunofluorescence Staining 



Relative brightness, 2 
with respect to: 



Fluor 


%CD8+* 


AF 3 


Background 4 


AF 
width 5 


CB 


36.0 


0.3 


0.3 


0,2 


FITC 


37.1 


1.0 


1.0 


1.0 


PE 


37.0 


4.6 


4.5 


3.0 


CySPE 


36.3 


6.2 


6.2 


4.3 


Cy7PE 


36.0 


1.4 


1.1 


0.8 


TR 


38.1 


2.8 


1.2 


0.8 


APC 


36.5 


9.2 


8.7 


2.2 


Cy7APC 


35.2 


0.9 


0.9 


0.4 



'Cells were stained with saturating concentrations of CD8 
conjugated to the listed fluorescent probes. The value Is the 
percent of lymphocytes staining brightly for CD8 (CD8 T cells) . 

brightness values are normalized separately for each column, such 
thatFfTC = 1.0. 

3 Median fluorescence of CD8+ cells divided by the median of 
unstained lymphocytes (i.e., autofluorescence, or AF). 

4 Median fluorescence of CD8+ cells divided by the median of 
CD8- lymphocytes in the same tube (NK cells, dimly staining for 
CD8, were excluded). 

'Median fluorescence of CD8+ cells divided by twice the differ- 
ence of the 67th and 50th percentiles of the unstained population 
(l.e M normalizing by the approximate standard deviation of the 
autofluorescence of unstained cells). 



IgD non- or low-expressing cells) as Population II, and 
IgD" IgM" as Population III. Pop. I cells, expected to be 
composed predominantly of mature, recirculating B cells 
(1, 9) have the largest percent of GFP-positive cells. Pop. 
II, with fewer GFP + cells, contains immature IgM + cells 
(10). Pop. HI, which includes mostly pro- and pre-B cells, 
has the least proportion of GFP + cells. 

These B220 + Gr-1" populations can be defined more 
specifically using the monoclonal AA4.1 (Fig. 5). AA4.1 has 
been used previously to isolate stem cells (11), B cell 
precursors (5, 14-17), and "bi-potent" progenitors that can 
differentiate along myeloid or B cell pathways (4, 12). It 
has also been noted that approximately 50% of cells with 
surface Ig in bone marrow were AA4.1 + (15). Using a 
bright APC conjugate of AA4.1, it is evident that most 
B220-positive bone marrow cells express AA4.1. Figure 5 
further shows that Populations I, II, and III are differen- 
tially represented among AA4.1 + and AA4.1" cells; most 
notably, Pop. I is significantly underrepresented in AA4.1* 
cells. Finally, for each of the fine subsets plots of CD22 
expression (a mature B cell marker) versus GFP expression 
and CD22 versus HSA expression (mature B cells are HSA 
Intermediate, low, or null) are shown. 

In AA4.1 + cells, Pop. I is comprised mostly of CD22 + 
HSA 10 cells (in agreement with (7)). Pop. II is uniformly 
CD22- /i0 and HSA\ Pop. Ill, which includes mostly pro- 
and pre-B cells is CD22- /!o and is mostly HSA + (Fr. B,C,D 
using Hardy *s criteria (10)). Pop. Ill Includes some HSA _/, ° 
cells (predominantly Fr. A (10, 14)). 

In contrast, AA4.1" cells have a striking increase in the 
fraction of IgD + cells. Note that Pop. II is reduced among 
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Table 2 

Spillover Matrix for 8 Color Flow Cytometry 



Emission detector 



First laser (488 nm) Second laser (595 nm) 



Fluor 


FITC 


PE 


CySPE 


Cy7PE 


TR 


APC 


Cy7APC 


FITC 


100 


20 


1.6 


0.26 


0.00 


0.00 


0.24 


PE 


1.6 


100 


8.8 


1.1 


0.60 


0.02 


0.28 


CySPE 


0.59 


8.4 


100 


16 


0.61 


5.3 


7.8 


Cy7PE 


1.4 


25 


3.8 


100 


0.22 


0.03 


12 


TR 


0.08 


0.13 


1.3 


0.19 


100 


6.1 


6.6 


APC 


0.11 


0.06 


6.6 


1.1 


28 


100 


76 


Cy7APC 


0.20 


0.10 


0.33 


1.6 


2.9 


3.5 


100 



"Cascade Blue is not tn the table since there is no spillover between its detector and any other 
detector. Each value Is the percentage of a fluor's signal measured in each of the seven detectors 
(normalized to 100% for the fluor's cognate detector). Thus, each row is related to the emission 
spectrum of the fluor named in the first column — given the particular combination of lasers, filters, 
detectors, and PMT voltages used in our instrument For instance, the measured signal voltage of 
FITC In the PE channel is 20.2% of that In the FITC channel. Since FITC is not excited by the dye laser, 
there is essentially no contribution of FITC fluorescence into the second laser channels. The top left 
and bottom right quadrants of the matrix represent intra-laser spillovers; the other two quadrants are 
inter-laser spillovers. 



Table 3 

Compensation Matrix for 8 Color Flow Cytometry 



Fluor 








Emission channel 










First laser (488 nm) 




Second laser (595 nm) 


FITC 


PE 


CySPE 


Cy7PE 


TR 


APC 


Cy7APC 


FITC 




20 


-0.14 


0.07 


-0.13 


0.00 


0.19 


PE 


1.6 




8.8 


-0.39 


0.69 


-0.49 


-0,03 


CySPE 


0.28 


4.2 




16 


-1.0 


5.3 


1.8 


Cy7PE 


0.97 


25 


1.6 




-0.16 


-0.47 


12 


TR 


0.06 


0.05 


0.85 


-0.05 




6.0 


2.0 


APC 


-0.08 


-0.25 


6.1 


-1.2 


26 




74 


Cy7APC 


0.18 


-0.35 


0.05 


1.6 


2.0 


3.4 





'Each value represents the compensation percentage value that needs to be applied to the original 
signals in order to achieve orthogonality. These values are equivalent to the compensation that 
would be selected on an instrument capable of performing the palrwise compensations on all 
parameters (I.e., the FITC — %PE compensation value is 20.%). Those values greater (in absolute 
magnitude) than 0.4% can be considered significant compensations; all others are shaded. These 
values were obtained by inverting, normalizing, and negating the spillover coefficient matrix in Table 
2; the diagonal elements were removed for clarity. 



AA4.1" cells and the distribution of IgM of this population 
is quite different from that of AA4.1 + cells. For example, in 
the AA4.1" compartment, Pop. Ill includes significantly 
more CD22 + , GFP+, and USA" cells than are found among 
AA4.1+ Pop. HI cells. AA4.1 + B220 + IgM-IgD" cells are 
almost exclusively pro- and pre-B cells (data not shown). 
The corresponding AA4.1~B220 4 TgM~IgD~ population may 
contain mature B cells, as suggested by the presence of CD22+ 
GFP* HSA" cells. We have yet to examine these cells for 
surface IgG. It will be interesting to determine if memory 
or antibody secreting cells reside within this population. 

Application to Human Leukocyte Staining 

Peripheral T cells in the human can be divided into a 
number of subsets. These divisions can be classified as 
lineages (e.g., CD4 versus CD8 T cells) and as differentia- 
tion stages (e.g., naive versus memory). Based on func- 
tional and phenotypic studies, naive T cells have been 
defined as those T cells expressing CD45RA and CD62L 



(19, 20, 22); memory cells lack one or both of these 
markers. We explored the phenotypic heterogeneity of 
naive and memory T cells within several T cell lineages in 
human peripheral blood. 

To divide the T cells into lineages, we used antibodies to 
CD3 (to define T cells), CD4, CD8, and the 78-T cell 
receptor. To define differentiation stages, we used antibod- 
ies to CD45RA and CD62L. Finally, to explore the heteroge- 
neity of these subsets we examined the expression of 
CDllaand CD57. 

Figure 6 shows the progressive gating to define six T cell 
lineages. We can identify two lineages of 78 T cells (CD4 + 
and CD4"; the latter express zero to low levels of CD8). Of 
the ap T cells, we identify four distinct lineages: the CD4 
helper cells (CD4+CD8"), the CD8 cytotoxic/suppressor 
cells (CD4-CD8 + ), the double-negative cells (DN, 
CD4-CD8 - ), and cells which express CD4 and dimly 
express CD8 (CD8 dlm ). The CD8 dUn T cells are phenotypi- 
cally and functionally distinct from the other subsets (27); 
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FIG. 5. 8 color flow cytometric analysis of murine 
bone marrow cells. These plots are all derived from 
the same single-tube collection of 1 X 10 s cells. Bone 
marrow cells were Isolated from a 3-month-old 
mouse transgenic for BEX-1 GFP driven by a H-2K 
(murine Class I MHC) promoter. Similar results 
(except for GFP expression) were obtained with 
nontransgenlc mice of comparable genetic back- 
ground (data not shown). Ungated data were col- 
lected for 100,000 cells, In order to establish a 
compensation matrix, data were also recorded from 
separate samples of cells that were singly stained 
with bright reagents. For compensation of the GFP 
signal, transgenic spleen cells were analyzed and 
used in the compensation matrix in the M FITC'* 
channel. Dead cells (defined as propldium Iodide- 
bright cells In the Cy5-PE channel) were excluded 
from post hoc analyses (8% of cells). All two- 
dimensional plots are 5% probability contour plots. 
Boxes indicate software gates drawn for analysis of 
data. The combination of reagents used to stain bone 
marrow cells simultaneously and the detector used 
for each reagent Is Indicated In the box. The upper 
left panel depicts Gr-1 (8C5) (a marker of the 
myeloid/granulocyte lineage) expression versus B220 
(expressed predominantly by B lineage cells). In the 
top right, histograms showing GFP expression In all 
live cells, 8C5\ 8C5"B220-, and 8C5"B220 + cells 
arc shown. The lighter histogram Indicates fluores- 
cence from nontransgenlc mouse bone marrow us* 
Ing equivalent staining and gating. The center panel 
shows the expression of AA4.1 and B220 on Gr-1" 
cells, These cells are divided Into AA4. 1 + or AA4. 1 - 
celts; the expression of IgD and IgM Is then used to 
further subdivide these cells into three classes each 
(population I, IgD*, IgM*'*; II, IgD"IgM + ; and HI. 
IgD'IgM"). Data from each of these 12 populations 
Is displayed In the panels, as CD22 (a marker of 
mature B cells) vs. GFP expression, and CD22 vs. 
HSA expression arc shown. HSA Is expressed on 
immature and germinal center B cells. (See text for a 
description of the subsets.) 
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in particular, they express the CD8otot homodimer rather 
than the CD8otp heterodlmer. Finally, within the a0 T cells 
we can identify, in general, at least four subsets based on 
the differentiation markers CD45RA and CD62L (Fig. 6). 

CD57 and CDlla have been used previously to distin- 
guish differentiated subsets of T cells. CD 1 la Is expressed 
on all T cells, but occurs at higher levels on memory 
subsets (26). The expression of CDS 7 is reciprocal to 
CD28; its expression has been thought to mark terminally 
differentiated T cells (13). 

Examination of the T cell subsets for CD57 and CDlla 
reveals several features that are consistent across all 
lineages. First, naive T cells, as expected, express lower 
levels of CDlla and essentially no CD57. Memory T cells 
that express CD62L (and are CD45RA") can be divided 
into cells which express low or high levels of CDlla — 
although this distinction is often lost in the smear of the 



distribution. In addition, there is a subset which dimly 
expresses CD57 (and, perhaps surprisingly, relatively low 
CDlla). The CD45RA"CD62L" subset has a greater fre- 
quency of cells which express CD57; the highest fre- 
quency of CD57 expression (and brightest expression) is 
found on the CD45RA + CD62L" subset. It is remarkable 
that lineages which are functionally so distinct as CD4 and 
CD8 T cells have differentiation stages with such highly 
conserved phenotypic properties. 

DISCUSSION 

We report here some of the first experiments performed 
using 8 color, 10-parameter flow cytometry analysis. While 
at first this technology may seem esoteric, it has become 
apparent that this degree of resolution is necessary for 
identifying unique ceil populations within the immune 
system. Based on functional studies, we believe that, using 
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8 color phenotyping, we are beginning to Identify pheno- 
typically and functionally homogeneous subsets — a pri- 
mary goal of flow cytometric analysis. 

The power of the 8 color analysis is readily apparent by 
the complex data presented in Figures 5 and 6. These two 
figures represent analysis of a single tube (each); data for 
1-3 X 10 5 cells was collected. From this data, we are able 
to resolve dozens of phenotypically distinct T cell subsets 
in human peripheral blood. 

In addition to the ability to finely subset lymphocytes, 
the 8 color technology gives us the ability to combine 
phenotypic and functional analysis to a degree previously 
unattainable. For instance, we can subset T cells using five 
different antibodies (CD3, CD4, CD8, CD45RA, and CD62L), 
and then use two antibodies to measure cytokine profile 
(e.g., IL4 and *y-IFN) and one color to measure apoptosis 
(annexin V). Thus, we can quantify several functional 
capacities of fine T cell subsets. This will be crucial to 
understanding whether phenotypic heterogeneities such 
as that seen in Figure 6 are meaningful or not. 

The murine staining example demonstrates the power 
of 8 color flow cytometry analysis for immunophenotyp- 
ing as well as detection of a GFP reporter gene. Based on 
this figure alone, we can divide murine bone marrow B 
lineage cells into at least six subsets. In addition, we show 
that several of these subsets display further heterogeneity 
and exhibit unique features compared to other popula- 
tions. Our general strategy is to select reagents such that 
the gating uses both exclusion and inclusion criteria, i.e., 
Gr-1 expression as an exclusion criterion and B220 expres- 
sion as an inclusion criterion. The lineage-defined cells are 
then examined for markers of interest, e.g., AA4.1 — for 
which there is little information about expression during 
differentiation. Correlating expression of this marker with 
other well-defined cell surface proteins (e.g., IgM, IgD, 
CD22, HSA), as well as a BEX reporter of the H2K 
promoter, can be used to make inferences about B cell 
maturation in bone marrow. Finally, we demonstrated that 
BEX transgenic mice can be evaluated for GFP expression 
simultaneously with the expression of seven distinct cell 
surface antigens. This lays the foundation for exploiting 
the power of 8 color flow cytometry for evaluation of GFP 
reporter genes within defined immune system subsets. 

There were a number of obstacles to achieving 8 color 
analysis. First was the development of appropriate re- 
agents (some of which are described in detail elsewhere 
(2, 23)). Antibodies conjugated to most of these reagents 
are commercially available; at this time, the Cy7 tandem 
and CB conjugates must be synthesized in the laboratory 
(21). 

The second obstacle was the electronics. Currently, 
only the Cytomation MoFlo electronics module is able to 
collect ten measurable parameters and use three different 
delay timers (for three-laser excitation); thus, we built a 
hybrid instrument using these electronics. The extended 
optical layout has been somewhat problematic; the emis- 
sion paths are very long and It is critical to maintain proper 
beam path alignment at every juncture. 



Finally, we found it necessary to develop an entirely 
new software package capable of performing the multidi- 
mensional compensation (24) , plus organizing and present- 
ing the complex datasets that arise from multiparameter 
analyses. 

Compensation has become one of the most critical 
aspects of the analysis. Whereas in 2 color staining 
compensation is easy to assess at the time of collection, 
the multiple interactions make it impossible to do so with 
8 color staining. In addition, it is important to remember 
that each lot of a tandem dye (Cy5PE, Cy7PE, Cy7APC) will 
have different spectral characteristics — as will APC re- 
agents obtained from different manufacturers. In general, 
compensation will be different for two different CySPE 
reagents. We collect data for a single-stained sample for 
each different lot of each of the tandems used in an 
experiment. In a typical four-tube experiment (using as 
many as 32 different reagents), we would have approxi- 
mately a dozen different compensation samples. The 
software selectively applies the appropriate compensation 
matrices to each of these analyses. 

It is Important to note that many of the values in a 
typical compensation matrix (such as shown in Table 3) 
are negative. This is because of the Interaction between 
different compensation values. For instance, FITC has a 
significant contribution of fluorescence to the CySPE 
channel. A pair-wise compensation between FITC and 
CYSPE would require about 1.6% compensation. How- 
ever, the PE to CySPE compensation already removes a 
contribution of the FITC (because of the contribution of 
FITC into the PE channel). Indeed, this second compensa- 
tion removes too much of the FITC signal (because the 
spectral overlap of PE Into the Cy5PE channel compared to 
the PE channel is more than that of the FITC into the 
CySPE channel compared to FITC in the PE channel). The 
net result is that some of the FITC signal must actually be 
added back into the CySPE channel — I.e., a negative 
compensation value. In addition to the sheer number of 
compensations required, the interaction between the 
values makes it essentially impossible to set the compensa- 
tion values manually. 

An unfortunate disadvantage to the large number of 
compensations is the concomitant loss in dynamic range. 
Part of this loss results from often having to subtract 
several significant signal components from other dyes 
before evaluating the residual signal due to the dye of 



FlC. 6. An example of 8-color staining of human lymphocytes. These 
plots are alt derived from the same single-tube collection of 3 X 10 s cells. 
Peripheral blood mononuclear cells were stained with FITC CDl la, PE 
TcR 78, CySPE CD45RA, Cy7PE CD62L, TR CD4, APC CD57. Cy7APC CD8, 
and CB CD3. Progressive gating Is shown for lymphocytes (top left, based 
on forward and side scatter), and a(5 or 76 T cells. The 78 T cells are 
further divided based on expression of CD4. The ofJ T cells are divided on 
the basis of CD4 and CD8 expression into four lineages. Each of tho 
lineages Is further subdivided into differentiation stages based on CD45RA 
and CD62L expression. Finally, the expression of CDl la and CD57 Is 
compared for the two 78 lineages, and the four subsets of each of the Tour 
ap lineages. On these plots, boxes and lines are positioned Identically 
within each Uncage to allow for comparison of the relative expression of 
these markers. All two-dimensional graphs are 5% probability contour 
plots; some have outlier events marked. 
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interest on that measurement channel. Additional losses 
are introduced into the compensation calculations be- 
cause of imperfect logarithmic conversion of the signals. 
Our logarithmic amplifiers show as great as 5% deviation 
across the four-decade range of signals. The deviation leads 
to inaccuracies in computing the absolute signal intensity 
from the digitized log data. The absolute signal intensity is 
required for the linear transformation used in compensa- 
tion; for some channels, this error is introduced several 
times as multiple parameters have significant compensa- 
tions into that channel. The net result is a broadening of all 
distributions (and especially the "negative" populations 
with the lowest signal levels) ; a broader distribution means 
less resolution of positive and negative populations and is 
mathematically equivalent to a loss in dynamic range. 

Future instrumentation developments should focus on 
performing the compensation "live"— i.e., before conver- 
sion to log data. Alternatively, collection of very high 
resolution linear values (at least 16 bit data) allows for 
accurate compensation during the analysis stage (software 
logarithmic conversion would then be used to present the 
data in the desired format). 

Perhaps one of the most important lessons that we have 
learned in the application of 8 color flow cytometry is that 
there is a great need for new software analysis tools. Some 
of these tools, such as compensation and log-conversion of 
linear data, are currently available in only a few software 
packages. More importantly, however, is the requirement 
for software which allows for logical analysis of the highly 
complex datasets generated by >5 parameter collections. 
New paradigms for the analysts as well as presentation of 
data are needed. For example, in both Figures 5 and 6 
there is much more complexity within the datasets than 
we are able to show here — indeed, it is nearly impossible 
to present raw data from these analyses in a way which can 
be quickly grasped by even experienced persons. 

Our 8 color studies have demonstrated that this technol- 
ogy is not only powerful, it has quickly become requisite 
for understanding the complexity of the immune system. 
Before this technology can be used by a wide variety of 
researchers, however, there are still several obstacles that 
must be overcome: Manufacturers must start making 
instrument benches that can be extended to more than 
seven or eight parameters. These instruments need to have 
computer-assisted instrument set-up, calibration, and data 
collection. Software developers have to give us new and 
powerful tools, and the reagent manufacturers have to 
start supplying many more fluorochrome-conjugated ver- 
sions of their monoclonal antibodies. 

What is the future for increasing the number of colors? 
At this time, there is only a single color from the Krypton 
407 nm laser line; there are additional fluorochromes 
which can be excited efficiently by this laser line and have 
emissions that are spectrally resolved from CB (manuscript 
in preparation) . In addition, there is a mutant of GFP, VEX, 
which is efliciendy detected using this system (2). These 
have already provided us with a ninth color; it is certainly 
conceivable that there are tandem dyes that can be 
specifically excited at 407 nm and emit in the orange or 



red region of the spectrum that will provide even more 
independent colors. It may also be possible to squeeze 
more colors out of the 488 nm line — for example, by using 
Cy5.5 PE tandems— however, there is already so much 
spectral overlap that these may be of little value. The 
increases in colors will more likely come from the use of 
additional excitation beams in the far red, using infra-red 
fluorescent dyes. In any case, it is clear that we have not 
yet reached the limit on the number of available colors and 
will, over the next decade, probably achieve nearly a 
dozen useful fluorescence parameters. 
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Abstract 

We developed a method for simultaneous flow cytometric analysis of three-color immunofluorescence and DNA content. 
We show here that staining with 7-aminr>actinomycin D (7-AAD) at 10 |xg/ml using a phosphate-citrate buffer at low pH 
containing saponin for cell membrane permeabilization yields good resolution DNA histograms with low coefficients of 
variation. Furthermore, light scatter properties of cells are preserved after permeabilization; this permits gating on cell 
populations that differ in scatter signals on the flow cytometer. Because of the low pH of the phosphate-citrate staining 
buffer, Alexa™488, a pH-independent green-fluorescent fluorochromc is used instead of fluorescein-isothiocyanate (FITC) 
for cell surface staining in combination with phycoerythrin (PE) and with allophycocyanin (APC) which are both pH 
insensitive. Removal of 7-AAD after staining and replacing it with non-fluorescent actinomycin D (AD) retains DNA 
staining and allows detection of Alexa™488, PE and APC cell surface immunofluorescence without interference from 
fluorescent 7-AAD in solution for clear identification of cell subpopulations even after prolonged stimulation in culture. 
Thus, using a four-color benchtop flow cytometer, measurement of Alexa n, 488, PE and APC three-color immunofluo- 
rescence can be combined with 7-AAD DNA content analysis. Furthermore, we demonstrate that sample storage overnight 
without fixation for later analysis on the flow cytometer is possible without compromising results. Application of the method 
to the assessment of the differential proliferative responses of lymphocyte subsets of human peripheral blood mononuclear 
cells (PBMC) that were costimulated with CD3 and with CD28.2 is presented. ©2000 Elsevier Science B.V. All rights 
reserved. 

Keywords: Flow cytometry; DNA content; Proliferation; 7-Aminoactinomycin D; CD3/CD28 stimulation; CD7I; CD56 
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1. Introduction 

Assessment of cell proliferation by combined flow 
cytometric measurement of cell surface antigen ex- 
pression and DNA content is an alternate method to 
measuring bulk cellular responses to stimulation by 
thymidin incorporation. This technique can also be 
used to assess cell cycle progression in studies of 
cellular differentiation and arrest. Advantages of the 
flow cytometry technique are that it does not require 
work with radioactivity and that it allows study of 
responses of cellular subpopulations in mixed cell 
preparations to various stimuli without the need for 
cell separation (Loken, 1980; Kruth et al., 1981; 
Rabinovitch et aL, 1986; Schmid et al., 1991; Storek 
et al., 1992). Commercial availability of monoclonal 
antibodies targeted to various cell surface antigens, 
fluorochromes suitable for multi-color flow cytomet- 
ric assays, and benchtop dual-laser flow cytometers 
equipped with an argon laser emitting at 488 nm and 
a 635-nm red diode laser for excitation of allophyco- 
cyanin (APC) has made four-color flow cytometry 
more widely accessible, making it desirable to utilize 
the enhanced analytical potential of multiparameter 
assays. In addition to providing a more in-depth 
analysis of cell populations, simultaneous staining 
with multiple probes reduces the number of cells 
needed for each experiment and the quantity of tubes 
that have to be handled in the laboratory. 

However, flow cytometric multi-color experi- 
ments are potentially complex. When stained cells 
are analyzed on dual-laser flow cytometers, fluo- 
rochromes with broad excitation curves can be se- 
quentially excited by both lasers requiring fluores- 
cence compensation among laser beams. In addition, 
interactions and spectral emission overlaps of fluo- 
rochromes must be considered. For instance, propid- 
ium iodide (PI), the most commonly used fluorescent 
dye for flow cytometric DNA content analysis, has a 
broad emission spectrum in the orange-red range. 
PI, therefore, can only be combined with other fluo- 
rescent probes that emit fluorescence in the green 
range of the spectrum (Kruth et al., 1981; Storek et 
al., 1992). By contrast, the DNA dye 7-amino- 
actinomycin D (7-AAD) is suitable for cells that 
have also been cell-surface stained with phyco- 
erythrin (PE)-conjugated antibodies, because its 
emission in the far red can be effectively separated 



from the orange PE emission and from the emission 
of green-fluorescent probes, respectively (Rabino- 
vitch et al., 1986; Schmid et aL, 1991). Despite its 
utility in multicolor flow cytometric assays, never- 
theless 7-AAD has a broad excitation curve and has 
been noted for its high coefficients of variation (CV) 
of the G 0/I peaks on DNA histograms (Darzynkie- 
wicz et al., 1984) due to its binding characteristics 
and its large size (Mueller and Crothers, 1968; Gill 
et al„ 1975; Zelenin et al., 1984). Furthermore, it has 
been noted that 7-AAD in solution can affect other 
fluorochromes through dye-fluorochrome interac- 
tions (Telford et al., 1994; Schmid, 1999). Therefore, 
we sought to develop a method that would optimize 
simultaneous cell surface antigen and DNA analysis. 

In this report we present a method for measuring 
cell cycle progression and cell proliferation by DNA 
content analysis in cell subpopulations that are iden- 
tified by three-color immunofluorescent staining. 
Cells are cell surface-stained with Alexa™488, a 
green-fluorescent fluorochrome that tolerates acidity 
down to pH 4.0 (Panchuck-Voloshina et ah, 1999) 
and has an emission spectrum that can be effectively 
separated from the emissions of PE, APC and 7- 
AAD; DNA staining is performed with 7-AAD in 
low concentration. Application of the staining proto- 
col to the detailed flow cytometric analysis of the 
proliferative responses of lymphocyte subsets as 
characterized by their differential expression of cell 
surface antigens to a T cell stimulus is shown. 



2. Materials and methods 

2.7. Cells and culture conditions 

CEM, a T cell leukemia line, was maintained in 
continuous culture in RPMI 1640 (Mediatech, Hern- 
don, VA) supplemented wi th 10% fetal bovine serum 
(Summit Biotechnology, Boulder, CO), 100 U/ml 
penicillin, 100 |xg/ml of streptomycin, and 2 mM 
glutamine (all from Life Technologies, Rockville, 
MD). CEM cells were washed once in PBS. 

Healthy donor peripheral blood mononuclear cells 
(PBMC) were obtained from commercial leukopaks 
and separated by Ficoll density gradient essentially 
as described by Boyum (1968). PBMC were washed 
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twice with PBS and were stained immediately or 
were cultured for 1, 2 or 3 days either in medium 
alone (RPMI 1640, supplemented with 10% (v/v) 
human AB serum (Omega Scientific, Tarzana, CA), 
100 U/ml penicillin, 100 \ig/ml of streptomycin, 
and 2 mM glutamine) or in this medium containing 
100 ng/ml of soluble CD28.2 (Biodesign, Kenneb- 
umkport, ME) in the presence of 100 ng/ml of 
plate-bound OKT3 (Ortho Diagnostics, Raritan, NJ). 
Cultured PBMC were washed once in PBS. 

2.2. Reagents and monoclonal antibodies 

Phosphate buffered saline (PBS without Ca ++ 
and Mg ++ ) and newborn calf serum (NCS) were 
purchased from Irvine Scientific (Irvine, CA). So- 
dium azide (NaAz), phosphate-citrate buffer (PCB) 
tablets, sodium chloride, sodium EDTA, bovine 
serum albumin, ribonuclease A (RNAse), and saponin 
were from Sigma (St. Louis, MO). Biotinylated CD8 
(Leu™ -2a), PE-labeled CD56, APC-labeled CD4 
(Leu™ -3a), PE-labeled and APC-labeled mouse IgG, 
isotypic controls were obtained from Becton Dickin- 
son Biosciences (BD Biosciences) (San Jose, CA). 
CD71 PE, biotinylated CDS, CD8 APC, and bio- 
tinylated isotypic controls were from Pharmingen 
(San Diego, CA). Streptavidin AIexa™488 was from 
Molecular Probes (Eugene, OR). PI and 7-AAD 
were purchased from Calbiochem (San Diego, CA). 
Actinomycin D (C,) (AD) was obtained from Roche 
Molecular Biosystems (Indianapolis, IN). 

2.3. Staining of cell surface antigens 

1 X 10 6 PBS-washed cells were placed into a 
12 X 75 mm tube and resuspended in 100 fjul of PBS 
supplemented with 2% NCS and 0.1% NaAz 
(PBSAz). Then, 20 u.1 of biotinylated monoclonal 
antibody (mAb), 20 jxl of PE-labeled mAb, and 20 
\l\ of APC-labeled mAb or 20 uJ each of isotypic 
control antibody were added and cells were incu- 
bated for 20 min at 4°C. Next, cells were washed 
once with 2 ml of PBSAz by centrifugation at 250 X 
g for 5 min. The supernatant was removed and 100 
\il of PBSAz containing 2 |xg of streptavidin 
Alexa™488 was added followed by incubation for 20 
min at 4°C. Cells were washed once with 2 ml of 



PBSAz by centrifugation at 250 Xg for 5 min at 
4°C. 

2.4. DNA staining using 7-AAD 

1 X 10 6 PBS-washed cells or cells stained for cell 
surface antigens were resuspended in 0.5 ml of PCB 
solution (0.1 M phosphate-citrate, 0.15 M of NaCl, 
5 mM sodium EDTA, 0.5% BSA, pH 4.8) containing 
0.02% of saponin (PCBS) and 10 jtg/ml of 7-AAD 
followed by incubation for 20 min at room tempera- 
ture. For experiments that investigated DNA staining 
using different cell concentrations, cell numbers as 
indicated were used. For experiments that tested 
DNA staining using different 7-AAD concentrations, 
the amount of 7-AAD as indicated in the text was 
added. Then, cells were spun down by centrifugation 
at 250 Xg for 5 min. The cell pellet was resus- 
pended in 0.5 ml of PCBS containing 10 jxg/ml of 
AD and was placed on ice protected from light for at 
least 10 min before analysis on the flow cytometer to 
permit stabilization of 7-AAD fluorescence intensity 
after the addition of non-fluorescent AD. On occa- 
sion cells were kept for a maximum of 3 days 
protected from light at 4°C in the staining solution 
before sample acquisition on the flow cytometer 
without adverse effects. 

2.5. DNA staining using PI 

For experiments that involved PI DNA staining, 
1 X 10 6 PBS-washed cells were resuspended in PBS 
containing 0.3% of saponin essentially as described 
previously (Jacob et al., 1989). 10 u,g/ml of PI and 
200 fig/ml of RNAse were added followed by 
incubation for 20 min at room temperature. Samples 
were then acquired on the flow cytometer in their 
staining solution. 

2.6. Flow cytometry 

Samples were analyzed on a FACSCalibur flow 
cytometer (BD Biosciences) equipped with a 15 mW 
air-cooled 488 nm argon-ion laser for excitation of 
Alexa™488, PE, and 7-AAD and a 635-nm red diode 
laser for excitation of APC. Green Alexa™488 fluo- 
rescence was collected after a 530/30 nm band pass 
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(BP) filter. Orange emission from PE and from PI 
were filtered through a 585/42 nm BP filter. Red 
APC emission was collected through a 661/16 BP 
filter and far red 7-AAD emission through a 670 
longpass filter. Electronic compensation was used 
among the fluorescence channels to remove residual 
spectral overlap. Photomultiplier tube voltage and 
spectral compensation were set using cells single- 
stained with streptavidin Alexa™488 alone, with PE 
alone, with APC alone, or with 7-AAD alone. 
Alexa™488, PE and APC fluorescence data were all 
displayed on 4-decade log scales. PI and 7-AAD 
fluorescence were both collected using linear 
amplification. For 7-AAD staining experiments that 
did not include cell surface antigen staining and for 
experiments that compared exclusion of clumps by 
light scatter gating with doublet discrimination, FL-3 
(7-AAD fluorescence) height (H\ FL-3 area (A) 
and width (W) were measured. For acquisition of 
four-color stained samples, only FL-3 H and FL-3 A 
could be collected due to limited availability of 
parameters on the flow cytometer. For acquisition of 
Pi-stained samples, FL-2 (PI fluorescence) H, FL-2 
A and FL-2 W were collected for doublet discrimina- 
tion. The low flow rate setting (12 fil/min) was 
used for sample acquisition to improve the CV on 
DNA histograms. A minimum of 10,000 events was 
collected on each sample. Analysis of the multivari- 
ate data was performed with CELLQuest™ software 
(BDIS). Cell cycle analysis of DNA histograms was 
performed with ModFit LT™ software (Verity Soft- 
ware House, Topsham, ME). 



3. Results and discussion 

3.1. Optimization of DNA staining 

7-AAD has been shown to be compatible with 
dual-color immunofluorescent staining using FITC 
and PE (Rabinovitch et al., 1986; Schmid et al., 
1991). However, with various cell permeabilization 
methods (Rabinovitch et al., 1986; Stokke et al., 
1988; Schmid et al, 1991) it yielded DNA his- 
tograms with considerably higher CV than the CVs 
that are obtainable with PI DNA staining. By con- 
trast, using a PCB supplemented with saponin, it has 



been demonstrated that 7-AAD can produce DNA 
distributions with low CVs (Toba et al, 1995). We 
modified the published protocol (Toba et ah, 1995) 
for reliable cell permeabilization and nucleic acid 
staining with the saponin preparations available to us 
and conducted initial experiments on cells that were 
triple-stained with Alexa™488, PE and APC. We 
observed that staining for DNA content with 7-AAD 
at a concentration of 25 ^g/ml as published previ- 
ously (Rabinovitch et al., 1986; Schmid et al., 1991; 
Toba et al., 1995) leads to the appearance of exces- 
sive amounts of 7-AAD (FL-3) fluorescence in the 
channel for APC detection (FL-4), requiring approxi- 
mately 90% cross-beam subtraction of FL-3 fluores- 
cence out of the FL-4 detector. Furthermore, the 
resolution of PE and APC fluorescence from back- 
ground was decreased when 7-AAD was added to 
the cell suspension (data not shown). Interactions of 
dyes with other fluorochromes conjugated to probes 
have been noted previously (Shapiro, 1981; Telford 
et ah, 1994; Schmid, 1999; Schmid et al., 1999) and 
may be caused either by energy transfer due to 
fluorochrome proximity or by fluorescence quench- 
ing (Stokke et al., 1998). 

Therefore, we investigated the possibility of low- 
ering the concentration of 7-AAD in the staining 
solution to decrease its interference with the detec- 
tion of APC fluorescence. Table 1 shows one repre- 
sentative of four individual experiments where cell 
cycle distributions were obtained by staining CEM 
cells with decreasing concentrations of 7-AAD. As 
expected, fluorescence intensity of the staining distri- 
butions decreased with lower dye concentrations, 
however, DNA content data obtained with all the dye 
concentrations we tested were similar. These data 
indicate that 7-AAD at lower concentration produces 
reliable cell cycle data using the current method of 
cell permeabilization with PCB containing saponin. 
Furthermore, to eliminate the influence of 7-AAD in 
solution on the other fluorochromes present on the 
cell surface (Telford et al., 1994), we replaced the 
DNA dye after staining with an equal amount of its 
non-fluorescent analogue AD. Replacement with AD 
has been previously shown to retain 7-AAD fluores- 
cence after cell fixation/permeabilization in cell 
preparations where dead cells were identified by 
7-AAD up-take (Fetterhoff et al., 1993; Schmid and 
Giorgi, 1995; Schmid et al, 1999). Addition of AD 
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Tabic 1 

Effects on DNA content analysis of 7-AAD staining concentration and addition of AD 
Dye (concentration) Cell cycle distribution 
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n In each sample, after DNA staining with 7-AAD, CEM cells were spun down, then AD was added at the same concentration as 7-AAD. 



did not affect cell cycle data (Table 1), and the CVs 
of the G, peaks remained low down to a 7-AAD 
concentration of 10 |xg/ml. Table 2 shows one of 
two experiments where we examined the effect of 
cell concentration on cell cycle data using 7-AAD at 
a staining concentration of 10 jig/ml followed by 
replacement with AD. Data on CEM cells as pre- 
sented in Table 2 indicates that DNA staining with 
7-AAD under these conditions is effective over a 
wide range of cell concentrations. 

3.2. Single cell DNA analysis comparing two differ- 
ent concentrations of 7-AAD with PI 

Although the cell cycle data we obtained with 
CEM cells indicated that it was feasible to lower the 
staining concentration of 7-AAD to 10 (xg/ml, we 
wanted to test if we would be able to reliably 
measure proliferating cells in in vitro stimulated 
PBMC. Furthermore, we wanted to compare DNA 
content data obtained with doublet discrimination 
with data obtained by excluding cell clumps by light 
scatter gating, because due to the limited availability 
of parameters, doublet discrimination is not possible 
on our flow cytometer in the four-color acquisition 
set-up that is necessary for samples stained for 
three-color immunofluorescence and DNA. Doublet 
discrimination is a fluorescence gating procedure 
commonly used in DNA flow cytometry to distin- 



guish two cells with single DNA content that are 
clumped together from single cells with double DNA 
content; this strategy serves to prevent a false high 
frequency of cells to be assigned to the G 2+ M phase 
of the cell cycle. Alternatively, current DNA analysis 
softwares can provide aggregate modeling algo- 
rithms to compensate for cell clumps during DNA 
histogram deconvolution. To investigate the effect of 
different gating approaches, we stained PBMC that 
were cultured in the presence of CD3 and CD28.2 
with 25 u.g/ml of 7-AAD, 10 fig/ml of 7-AAD 
followed by addition of AD, or with PL Then, cells 

Table 2 

Effect of cell concentration on DNA content analysis using 7-AAD 
staining followed by AD. In each sample, after DNA staining with 
7-AAD, CEM cells were spun down, then AD was added at the 
same concentration as 7-AAD 



Cell numbers Cell cycle distribution 
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stained with either 25 ng/ml of 7-AAD or with PI 
were acquired with doublet discrimination and cells 
stained with 10 fJLg/ml of 7-AAD followed by addi- 
tion of AD were run on the instrument without 
doublet discrimination. 

After gating on single cells either by fluorescence 
or by light scatter, we did not observe any differ- 
ences in cell cycle data among staining conditions 
obtained from cells after 24 h of culture (Fig. 1). 
However, interestingly, when we compared the same 
staining conditions on cells that were stimulated for 
48 h with CD3 /CD28.2, we noted that the DNA 
distribution obtained with 25 fig/ml of 7-AAD 
showed a bimodal G 0/l peak, and it was difficult to 
deconvolute the DNA histogram for estimation of 
cell frequencies in the G 0/1 , S and G 2 + M cell cycle 
phases. When we set two separate light scatter gates 
on the sample stained with 25 |xg/ml of 7-AAD, 
one on smaller, less stimulated cells, the second one 



on larger cells with more forward and side scatter 
that had proliferated in response to the T cell stimu- 
lus, we obtained two DNA distributions that differed 
in their fluorescence intensity (data not shown). At 
the same timepoint, cells stained with 10 ^g/ml of 
7-AAD followed by addition of AD and cells stained 
with PI, respectively, did not show a bimodal G 0/1 
peak and their DNA content data compared well. It 
has been demonstrated previously that the level of 
7-AAD binding is dependent on chromatin structure 
(Shapiro, 1995) and is affected by transcriptional 
activity of the cells (Stokke et al., 1988) which may 
influence low and high affinity 7-AAD DNA binding 
differently (Yu, 1983). Consequently, our results 
suggest that at lower dye concentration, the DNA 
staining properties of 7-AAD may be unaffected by 
the proliferative state of the cells while higher con- 
centrations are problematic; thus, using 7-AAD at a 
concentration of 10 |xg/ml may be more suitable for 
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Fig. 1. Human PBMC were cultured in the presence of CD3 and CD28.2 as described in Section 2, cither for 24 h (A, B, C), or for 48 h (D, 
E, F). (A, D) Histogram of 7-AAD fluorescence of cells stained with 25 jig/ml of 7-AAD, gated on FL-3 (7-AAD fluorescence) width (W) 
vs. FL-3 area (*4) for doublet discrimination; (B, E) histogram of 7-AAD fluorescence of cells stained with 10 u,g/ml of 7-AAD followed 
by addition of AD, gated on forward vs. side scatter to exclude clumps and debris; (C, F) histogram of Pl-staincd cells, gated on FL-2 W vs. 
FL-2 A for doublet discrimination. 
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the analysis of cell populations which are stimulated 
in an in vitro culture system. Results as shown in 
Fig. 1 also demonstrate that 7-AAD DNA distribu- 
tions and cell cycle data that match PI DNA data 
obtained with doublet discrimination can be obtained 
by gating single cells on forward vs. side scatter. 
Therefore, we chose 10 |xg/ml of 7-AAD as the dye 
concentration for DNA staining, replaced 7-AAD 
with AD, and performed the procedure as outlined in 



Section 2 for subsequent experiments on quadruple- 
stained cells. 

3.3. Correlation of DNA content and transferrin 
receptor expression on lymphocyte subsets during 
CD3 / CD28 costimuiation 

Fig. 2 shows one representative of three individ- 
ual experiments where PBMC were stimulated for 
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Fig. 2. Fresh human PBMC or PBMC cultured in the presence of CD3 and CD28.2 for 24, 48 or 72 h were stained with biotinylatcd CD8 
plus strcptavidin Alcxa™488, CD71 PE, CD4 APC and 10 u.g/ml of 7-AAD followed by the addition of AD as described in Section 2. The 
0 h timcpoint dotplot in row 1 was gated on lymphocytes; all other dotplots shown in row 1 were gated on forward vs. side scatter to 
exclude debris and clumps. All CD71 vs. 7-AAD fluorescence dotplots of CD4 + cells were gated on Rl as shown on the CD8/CD4 dotplot 
for each timcpoint. All CD71 vs. 7-AAD fluorescence dotplots of CD8 + cells were gated on R2 as shown on the CD8/CD4 dotplot for 
each timcpoint Frequencies of lymphocyte subsets as shown in row 1 for each CD8/CD4 dotplot have been determined by setting quadrant 
cursors according to isotypc control background levels. Cursor positions for determination of frequencies of CD7t + cells for each timcpoint 
were set according to appropriate isotypc control background levels. Cell cycle distributions of CD4 + cells were as follows: 0 h: 
%G 1/0 « 100; 24 h: %G I/0 = 100; 48 h: %G 1/0 = 54, %S«35, %G 2+M = 11; 72 h: %Gi /0 =O7, %S = 62, %G 2+M = 2. Cell cycle 
distributions of CD8+ cells were as follows: 0 h: %G 1/0 » 100; 24 h: %G, /0 - 100; 48 h: %G l/0 - 61, %S « 33, %G 2 + M « 6; 72 h: 
%G l/0 = 37, %S = 59, %G 2 + M - 4. 
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24, 48 and 72 h, and then stained simultaneously 
with CD4, CD8, CD71 (transferrin receptor) mAbs 
and 7-AAD. Using 7-AAD at low concentration, 
fluorescence compensation settings among FL-3 and 
FL-4 for sample acquisition were now reduced to 
approximately 20% subtraction of FL-3 out of FL-4. 
The frequency of CD71 positive cells was very low 
at the 0 h timepoint within the CD4 + and CD8 + 
lymphocyte subset, respectively; however, after 24 h 
of culture, although CD4* and CD8 + cells remained 
in the G 0/ , phase of the cell cycle, considerable 
proportions of both these lymphocyte subsets ex- 
pressed CD71 with higher frequencies of CD71 + 
cells within the CD4 + subset. After 48 h, cells in 
both subsets had progressed to the S and G 2+M 
phases; again, more CD4 + cells than CD8 + lympho- 
cytes co-expressed CD71 and also slightly more 
CD4 + cells were in the proliferative state. At the 72 
h timepoint, most of CD4 + and CD 8 + lymphocytes, 
respectively, expressed CD71 and both had similar 
frequencies of proliferating cells. As shown in Fig. 
2, during proliferation, cells with the highest level of 
CD71 expression were the ones that were actively 
synthesizing DNA. These data indicate that the ap- 
pearance of the CD71 activation antigen precedes 
entry of cells into S phase and that CD71 expression 
levels correlate with cell proliferation. Furthermore, 
our data show that both the CD4 + and the CD8 + 
cell subset respond to the T cell stimulus with the 
CD4 + cells reacting somewhat more rapidly com- 
pared to the CD8 + cells. CD8 + cell proliferation 
may depend on activation through cytokines that are 
released by CD4 + T cells during CD3/CD28 stimu- 
lation leading to a time-delayed reaction (Cole et al., 
1998). Data as shown in Fig. 2 compare well with 
published results on CD3/CD28 co-stimulation of 
human PBMC that showed that this T stimulation 
system allows cells to progress through the G 15 



phase of the cell cycle within 24 h, and through the S 
and G 2 + M phases by 48 h (June et al., 1990; Cole et 
al., 1998; Korin and Zack, 1998). Our data on CD71 
expression is in accordance with published results 
that show that transferrin receptors are expressed in 
late G! phase before the initiation of DNA synthesis 
(Toba et al., 1995) and that activation antigen ex- 
pression can be induced in the absence of cell prolif- 
eration (Caruso et al., 1997). CD4+ and CD8 + 
lymphocytes in PBMC cultured in parallel without 
CD3/CD28.2 remained in G 0/l during the whole 
culture period and also did not co-express CD71 
(data not shown). 

3.4. Analysis of CD8* lymphocyte subset prolifera- 
tion 

Fig. 3a shows one experiment of three individual 
experiments where we studied the differential prolif- 
eration of CD 8 + lymphocyte subsets in response to 
CD3/CD28.2 stimulation. As expected with this T 
cell stimulatory system, CD8 + T cells which co-ex- 
pressed the T lymphocyte antigen CD5 had re- 
sponded strongly to stimulation by 48 h of culture. In 
contrast, CD8 + CD56 + (NK) cells (Lanier et al., 
1989) did not enter the proliferative phases of the 
cell cycle. These results confirm the potential of the 
method to provide reliable cell cycle data on im- 
munophenotypically defined subsets within mixed 
cell populations. 

3. 5. Sample storage 

It is not always possible to acquire samples on the 
flow cytometer on the same day they were stained. 
Therefore, we investigated if cells could be stored 
until the next day without detrimental effects. To- 
wards this end we kept cells collected for Fig. 3a in 



Fig. 3. Human PBMC were cultured in the presence of CD3/CD28.2 for 48 h, then stained with biotinylatcd CD5 plus strcptavidin 
Alcxa™488, CD56 PE, CD8 APC and 10 fig/ml of 7-AAD followed by the addition of AD as described in Section 2. Samples were cither 
acquired on the flow cytometer immediately (a) or kept overnight protected from light at 4°C and then mn through the instrument (b). A: 
Forward vs. side scatter dotplot of all cells, ungated; B: CDS fluorescence vs. CD56 fluorescence dotplot, gated on RI to exclude cell 
clumps with high forward and high side scatter as shown in A and on R2 as shown in the insert of the CD8 fluorescence histogram; C: 
histogram of 7-AAD fluorescence, gated on RI, R2, and on R3 as shown in B; D: histogram of 7-AAD fluorescence, gated on Rl, R2, and 
on R4 as shown in B. Note that the peak positions of the G 0/I peaks as indicated in the histograms C and D as shown in (a) and (b), 
respectively, arc derived from histograms and data generated by Modfit LT n DNA analysis software. 
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their staining solution overnight protected from light 
at 4°C and compared data from samples that were 
run immediately to results from samples that were 
stored and run 24 h later. Fig. 3b shows one repre- 
sentative of five experiments where light scatter and 
fluorescence parameters remained stable during stor- 
age and where data analysis yielded very similar 
results. Generally, there was a slight decrease (on 
average 15%) in the fluorescence intensity of 7-AAD 
staining in the samples that were kept overnight, but 
cell cycle data were not altered. It is somewhat 
surprising that samples can be stored in the PCB at 
pH 4.8 without fixation with a standard preservative 
such as formaldehyde. However, the stabilizing ef- 
fect of low pH on the preservation of cellular cyto- 
plasm (Shapiro, 1995) may contribute to sample 
stability. On occasion, cells were kept for a maxi- 
mum of 3 days without notable alterations in the 
parameters we measured. The fact that stained sam- 
ples can be readily stored facilitates flow cytometric 
analysis at a more convenient time and provides the 
opportunity for sample shipping. 



4. Summary 

We present here a staining protocol for three-color 
immunofluorescence using Alexa™488, PE and APC 
in combination with DNA content. We have applied 
the method to the analysis of coordinate expression 
of an activation antigen across the cell cycle and 
distinct cell cycle profiles in cellular subpopulations 
identified by multiple cell surface markers. Our data 
indicate that reliable cell cycle measurements with a 
low CV can be obtained by using 7-AAD at a low 
concentration with replacement of 7-AAD with AD. 
Our method provides clear resolution of positively 
stained cells from background and has also been 
successfully applied to cell cycle analysis of cellular 
subsets of in vitro cultured human thymocytes. Po- 
tential extension of this method to the study of other 
cell types obtained from immune organs and its 
application to the in-depth proliferation analysis by 
flow cytometry of mixed cell preparations will aid in 
the collection of biological relevant information on 
differential activation of cellular subpopulations by 
various stimuli. 
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